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Abstract

The phrase “immune privilege” was coined by Peter Medawar to describe the absence of an
immune response to allografts placed into the anterior chamber of the eye or brain. We now
understand that immune privilege is more than a passive microenvironment with a distinctive
anatomical structure that holds back immunity. The ocular microenvironment actively engages the
immune system with immunosuppressive biochemical mechanisms. The unique characteristics of
ocular immune privilege appear designed to protect the eye from damage while preserving foveal
vision, thus providing the host with a definite survival advantage. However, the protection is not
always sufficient and the eye becomes susceptible to uveitis. Uveitis is an intraocular
inflammatory disorder that encompasses a wide range of underlying etiologies. It may be
idiopathic or associated with systemic disease or infection. Understanding the biochemistry of
immune privilege has the potential to identify its weaknesses that allow for immunity to break
through.
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In 1948 Medawar described the prolonged survival of skin allografts within the anterior
chamber of the rabbit eye.} He observed that the grafts survived as along as new vessels did
not grow into the transplanted tissue. Thus, he defined the concept of immune tolerance as
“immunologic ignorance”— namely, the lack of sensitization of the host because of the
absence of direct lymphatic drainage and the presence of a blood-ocular barrier. He
reasoned that the transplanted tissue was afforded immune privilege through a passive
mechanism of immunologic ignorance. In 1977 Kaplan and Streilein showed that the
immune system of the host was not ignorant of alloantigens placed into the anterior
chamber, rather an aberrant immune response developed.? The placement of alloantigen into
the anterior chamber induced an effector immune response characterized by the induction of
antigen-specific suppressor cells, specifically, the induction of antigen-specific efferent
supprgessor CD8 T cells and afferent suppressor CD4 T cells, now called Tyeq (T regulatory)
cells.
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Concomitant with the induction of Teq cells was the production of non-complement-fixing
antibodies.* The term anterior chamber-associated immune deviation (ACAID) was used to
describe this novel response since placement of the same alloantigens into other organs (e.g.,
skin) induced a potent delayed-type hypersensitivity response. The induction of ACAID
required that the spleen be intact for at least 4 days after inoculation of the antigen into the
anterior chamber, and that the eye containing the antigen not be removed before 2 days.>
The induction of T regulatory cells is a complex process mediated by F4/80 macrophages
that present the inoculated antigen to a cluster of B cells, NKT cells, and CD4 and CD8 T
cells in the spleen.6-8

Induction of ACAID is also dependent on an intact sympathetic nervous system through a
strong link in mice between the sympathetic nervous system and the generation of
suppressor T cells that mediate ACAID.%10 Sympathetic denervation of the eye itself does
not cause or promote spontaneous uveitis. In the denervated eyes there is a significant drop
in TGF-p concentration in the aqueous humor; however, the levels of TGF-f remain well
above the levels needed for TGF-B-mediated immunosuppression.19 Since the methods used
to denervate affect more than just the eye, it is uncertain if a lack of sympathetic innervation
is directly or indirectly mediating a loss in the ACAID response. In addition, as we discuss
below, cultured iris, ciliary body, and retinal pigment epithelial cells in culture with an
obvious absence of sympathetic innervation continue to effectively mediate
immunosuppression. The induction of ACAID demonstrates that the regulation of immunity
to intraocular antigens is more than anatomical isolation of the ocular microenvironment.

While the ACAID response can be seen only when induced under laboratory conditions, the
healthy ocular microenvironment is constitutively rich with immunosuppressive molecules
that influence the immune response. The aqueous humor in the anterior chamber contains
the neuropeptides a-MSH, VIP, somatostatin, the cytokine TGF-,, and molecules such as
indoleamine, as well as cell surface expression of FasL to suppress the activation of Thl
cells.11-16 |n addition, cultured pigment epithelial cells of the iris, ciliary body, and retina
through contact (PD-L1, CTLA-2a) and soluble factors can suppress Th1l cell activation, and
possibly induce Teq cell functionality.1’-2! These various soluble factors and cell surface
expressed molecules, as well as others, suppress the recruitment of neutrophils and
macrophages into the anterior chamber, the activation of the inflammatory cascade in
macrophages, and the activation of NKT-cells.22-24 Other soluble proteins, such as
thrombospondin, also contribute to ocular immune privilege through the local activation of
TGF-B.25 Which of these factors are important for the ocular microenvironment to prevent
or suppress uveitis remains to be seen; however, the abundance of immunosuppressive
molecules produced by the cells of the ocular microenvironment strongly indicates that there
is a robust blockade to the induction of inflammation.

More recently, the interaction of innate and adaptive immunity in the generation of a host
immune response, including the Tyeq cell response, has been recognized. A major
component of innate immunity is the complement cascade, which consists of over 30 fluid
phase and cell membrane proteins.26 Since inadvertent activation of complement can result
in a destructive, pro-inflammatory immune response, complement-regulatory proteins
(CRPs) serve to regulate the complement cascade in an efficient manner. There is constant
activation of the complement cascade within the anterior chamber of the eye.2’ The
complement activation products iC3b and membrane attack complex (MAC) are present in
the normal eye, as well as both membrane-bound and soluble CRPs. Thus, the complement
system is continuously active at a low level in the normal eye, presumably as a protective
mechanism, but is very finely regulated by the presence of CRPs. It was observed that iC3b
induces the secretion of TGF-, and interleukin-10 by antigen-presenting cells (APC) while
downregulating IL-12.28 The injection of neutralizing monoclonal antibodies to CRPs
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results in the development of a severe anterior uveitis, with increased formation of iC3b and
MAC. Thus, demonstrating the importance of regulation by CRPs to both maintain ocular
immune privilege and protect ocular cells from destruction by products released during
intraocular inflammation. Complement is only one component of innate immunity important
in the ocular immune response. Most recently, the role of toll-like ligands in the breach of
ocular immune privilege has been identified. More details soon will undoubtedly indicate
the important role such molecules play in control of the autoimmune response to organ-
specific antigens, such as ocular-specific antigens.2°

Antigen-specific T cells treated in vitro with aqueous humor will demonstrate a change in
profile from IFN-y-producing T cells to TGF-B-producing T cells.30 A similar effect is
observed when antigen activation of such T cells occurs in the presence of a-MSH and TGF-
B,.31 These T cells no longer function as delay-type hypersensitivity effector T cells, but as
Treg Cells. Additionally, effector T cells entering the eye may undergo apoptosis upon
contact with cells in the ocular microenvironment that express FasL.18 The effect of aqueous
humor on APC function has also been studied in detail, including the effect of TGF-p5, a-
MSH, and CGRP (calcitonin gene-related peptide) on the inflammatory activity of
macrophages.32:33 o-MSH-treated APC cannot activate Thi cells, and they suppress IFN-y
production by Th1 cells. All these mostly in vitro assays for immunosuppression have
demonstrated that the intact ocular microenvironment has a wide range of
immunomodulating mechanisms to regulate immunity and suppress inflammation to protect
vision.

Uveitis is a general term for intraocular inflammatory disorders that involve the uveal tract
and encompasses a wide range of underlying etiology. It may be idiopathic, associated with
systemic disease, or result from a variety of infectious agents. Uveitis is responsible for over
2.8% of blindness in the United States. Each year, 17.6% of active uveitis patients
experience a transient or permanent loss of vision with 12.5% developing glaucoma.3* An
incidence rate of uveitis of 17/100,000 person-years and a prevalence ratio of 204/100,000
over a 10-year period has been reported.3> However, recent reports suggest a higher disease
rate for an older population, particularly women, with a higher incidence of chronic
disease.3® Recurrence rates after an initial episode of uveitis in Great Britain showed that
11.3% of patients had at least one recurrence within 5 years, with 2.5% experiencing a
second recurrence during this period.3”

Although several animal models of uveitis have been developed, the most studied model of
intraocular inflammation is experimental autoimmune uveoretinitis (EAU). Most frequently,
EAU has been induced in inbred rodents with various retinal proteins —e.g., retinal soluble
antigen (retinal S antigen), interphoto-receptor retinoid binding protein (IRBP), rhodopsin,
or phosducin.38-40 Although the severity of the EAU can be altered by the dose of retinal
protein used for sensitization, as well as the accompanying adjuvant, the inflammation
produced is primarily confined to the posterior segment of the eye. Most recently, the
pathogenic antigen in acute anterior uveitis in rodents has been purified to homogeneity.4!
This uveitic antigen is a 22-kDa fragment of the bovine type I collagen a-2 chain. This
immunogen was different from type | collagen in other organs because of the carbohydrates
bound to the molecule. Thus, local ocular disease involving collagen could occur without
manifestations of systemic disease—e.g., articular joints.

Although human acute anterior uveitis has been historically characterized as a collagen
disease,34 this is the first time that collagen has been identified as the target autoantigen in
uveitis. There are spontaneous models of uveitis in mice where central tolerance has been
altered.#243 These models suggest that an inability for central tolerance to clonally delete
ocular-autoantigen-specific T cells or select for Tyeq cells promotes expansion of ocular-
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autoantigen-specific effector T cells that target the retina. All together the methods of
inducing experimental autoimmune uveitis require expansion of ocular-autoantigen-specific
effector T cells though either adjuvant-mediated immunization or knocking out central
tolerance. These expanded effector T cells find their way into the eye, and must either
overwhelm, override, or take advantage of a change in the local ocular immunosuppressive
mechanisms.

When autoimmune intraocular inflammation (i.e., EAU) occurs there has been an obvious
breach of the immunosuppressive ocular microenvironment. Study of the changes that occur
in EAU have revealed that before the onset of the detection of intraocular inflammation, the
aqueous humor has lost its immunosuppressive properties and pro-inflammatory cytokines
have appeared.** These pro-inflammatory cytokines were found in the aqueous humor up to
the peak of the disease, although the immunosuppressive properties of the aqueous humor
were reestablished before the height of intraocular inflammation. As expected, the ocular
microenvironment no longer supported ACAID at the onset of inflammation and did not
recover its ability to promote ACAID until after the disease started to resolve. These
observations confirmed that the some aspects of the normal immunosuppressive
microenvironment of the eye were abrogated during an acute inflammatory response.
However, this loss of immunosuppression was short-lived and resulted in the return of
immune privilege with the control of intraocular inflammation.

There are in the post-EAU spleens ocular autoantigenspecific Teq cells.*> The Treg cells are
not present in enucleated mice that are immunized for EAU and nor are these Tyeq cells
present in mice that have the melanocortin 5 receptor knocked-out (MC5r), a receptor for a-
MSH.4546 These Tyeq cells are CD257CD4* inducible Treq cells that can suppress EAU
following adoptive transfer into mice immunized to induce EAU. Unlike ACAID, the
regulatory activity cannot be transferred with the post-EAU CD8* T cells; but, similar to
ACAID, a post-EAU spleen APC is needed to reactivate the CD25*CD4" Tgq cells.
Whether this natural induction of tolerance works through similar or different mechanisms
as ACAID is to be determined. Mice with the MC5r knocked out are no more susceptible to
EAU than wild-type mice; however, the knockout mice have no resistance to induction of a
second episode of EAU.46 This suggests that it is the factors within the ocular
microenvironment that reimpose immunosuppression in the initial episode of EAU, and the
by-product of this suppression is the induction of tolerogenic T cells. It would appear that
the effector or regulatory function of these T cells is dependent on very subtle
microenvironmental interactions.

Although the animal models of uveitis have significantly advanced our understanding of the
molecular mechanisms of ocular immune privilege, there are still many unanswered
questions. Unlike the animal models, which allow for a continuous analysis of the kinetics
of uveitis, being able to characterize uveitis in humans has been limited to discrete times
usually when ocular surgery is needed. Furthermore, the uveitis induced in the rodent
models is of a known imposed etiology, whereas in humans there is the potential for
multiple causes of uveitis. This has filled the literature with unclear and sometimes
contradictory characterizations of the ocular microenvironment in human uveitis.4’->7 What
is clear is that during uveitis in humans there is a significant intraocular expression of pro-
inflammatory cytokines, chemokines, and activated complement similar to what is seen in
the animal models of EAU.47%8 However, we still do not know what mechanisms of ocular
immune privilege are most important in the loss of intraocular immunosuppression, and in
the recurrence of autoimmune uveitis. Furthermore, we do not know what characteristics of
ocular immune privilege can be restored by reintroducing immunomodulating neuropeptides
or soluble surface molecules, or inhibiting complement activation, and whether they are
sufficient to protect the eye. Also, does effective treatment to prevent recurrence of uveitis
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need to both reestablish immune privilege in the ocular microenvironment and reestablish
systemic immune tolerance to ocular autoantigens? The similarity between the animal
models of autoimmune uveitis and human endogenous uveitis suggest that there must be at
least two parts to the induction of autoimmune uveitis. There is the expansion of effector T
cells caused by a failure of central tolerance or peripheral immunity to clonally delete and
suppress ocular-autoantigenspecific effector T cells, and there is an inhibition of one or
more mechanisms of ocular immune privilege. Whether these occur simultaneously or in
sequence, or one causes the other is to be determined.

There are in the eye endogenous mechanisms to minimize the collateral damage of
inflammation caused by autoimmunity or by infection to preserve the clarity of the visual
axis, and the integrity of the fovea. The eye, as well as the central nervous system, has
evolutionarily developed novel immune privilege microenvironments to suppress the
destruction of cells critical to the survival and normal function of these organs. Our ability to
rapidly reestablish an immunosuppressive microenvironment within the eye following
intraocular inflammation will be of significant benefit in preserving vision.
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