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Abstract

Cellsin the eye have a limited capacity for regeneration and, as such, immune-mediated inflammation
can lead to blindness. The eye is designed to quench immune-mediated inflammation — a condition
known as immune privilege. An important component of immune privilege is the dynamic
immunoregulatory process termed anterior chamber-associated immune deviation (ACAID), which
is initiated when antigens enter the eye. ACAID suppresses the initiation of antigen-specific
inflammation in the eye and the effector stages of immune reactions. Four organ systems are crucial
for the induction of ACAID: the eye, thymus, spleen and sympathetic nervous system. Multiple cell
populations contribute to ACAID, with natural killer T cells playing a crucial role in the thymic and
splenic phases of ACAID. Interactions between natural killer T cells and multiple cell populations
in the spleen culminate in the tight regulation of immune-mediated inflammation in the eye and the
preservation of vision.
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Although the human eye is only a few centimeters in diameter, it contains a complex array of
tissues, some of which are found nowhere else in the body (Figure 1). The eye is an extension
of the brain and, as with some of the neurons in the brain, many cells in the eye cannot
regenerate. In particular, cells of the retina and the cells that line the inner layer of the cornea
are amitotic. Thus, injury to either of these ocular tissues can lead to blindness. Inflammation
can be tolerated in many tissues, but in the eye it can have devastating consequences. Close
regulation of ocular inflammatory responses — especially those that inflict a heavy burden of
damage to innocent bystander cells — is of paramount importance. Fortunately, the eye is
designed to minimize inflammation produced by either the innate or adaptive immune
responses. This phenomenon is known as immune privilege and has been recognized for over
100 years.

One of the first clues that certain forms of ocular inflammation were inhibited surfaced over a
century ago, when the first successful corneal transplant was performed on a human [1]. It is
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noteworthy that this procedure was performed over half a century before the use of
immunosuppressive drugs was commonplace, and prior to the application of HLA matching.
Over the past 100 years, corneal transplantation has emerged as the most common and,
arguably, the most successful form of organ transplantation [2].

Ocular immune privilege is not simply an anatomical accident in which the absence of
lymphatics draining the eye isolates the interior of the eye from the immune apparatus, but
rather is the sum total of a combination of anatomical, physiological and immunological
properties that are unique to the eye [3,4]. A common misconception regarding ocular immune
privilege is that it is universal and immutable. Ocular immune privilege can fail, which can
culminate in corneal allograft rejection, immune-mediated microbial keratitis and uveitis [5—
7].

Immune privilege and immune-mediated diseases of the eye involve elements of both the innate
and adaptive immune systems. Emerging evidence suggests that natural killer (NK) T (NKT)
cells participate in immune privilege and, on occasion, contribute to the events leading to loss
of immune privilege and the development of immune-mediated diseases of the eye. Although
the primary function of NK cells is to serve as effector cells of the innate immune system, they
can indirectly affect the generation and expression of adaptive immune responses through their
production of IFN-y [8,9]. There is also evidence that NK cells can directly and independently
mediate certain adaptive immune responses, such as contact hypersensitivity (CHS), in the
absence of T and B cells [10]. NKT cells are a novel population of T cells that share
characteristics with NK cells. The bulk of NKT cells share the af T-cell receptor (TCR) and
express the NK cell marker NK 1.1. Most NKT cells express an invariant TCR, which is
Val4Jal82 in mice and Va24JaQ in humans. Due to their expression of invariant T-cell
markers, they are also called invariant NKT (iNKT) cells. NKT cells display properties of the
innate immune system, such as their swift production of IL-4 and IFN-y, which provides a
jump-start for adaptive immune responses [11-14]. NKT cell development and function are
dependent upon the MHC class I-like CD1d molecule, which presents glycolipids to the TCR
on NKT cells. NKT cells are the “‘Janus-faced’ cells of the immune system, as they can act
either as immune effectors against neoplasms or as integral players in immunoregulatory
pathways [11,13-15]. NKT cells can also play a crucial role in the induction of adaptive
immune responses (e.g., CHS) [16]. Campos et al. demonstrated that iNKT cells stimulated
with the contact-sensitizing agent oxazalone (OX) produced IL-4, which activated OX-specific
B-1 cells. B-1 cells, in turn, produced OX-specific IgM antibodies that were required for the
recruitment of OX-specific T cells, which functioned as the end-stage effector cells in CHS.
Interestingly, both NK cells and iNKT cells function in the generation of OX-specific CHS
[10,16]. NK cells act as end-stage effector cells that directly mediate CHS, while iINKT cells
initiate cellular interactions that culminate in the generation of antigen-specific T cells, which
act as the end-stage effector cells in the expression of CHS. Interestingly, the NK cells and the
iNKT cells in both models of CHS are derived from the liver [10,16]. In some conditions, NK
and NKT cells can exacerbate the pathogenesis of immune-mediated diseases of the eye, while
in other settings they can mitigate immune-based inflammation. Although there is considerable
overlap in NK- and iNKT-cell functions both as cytolytic cells and in their shaping of adaptive
immune responses, the author is aware of no published reports to date demonstrating a role for
NK cells in the induction of Tregs.

Anatomical properties of the eye that contribute to ocular immune privilege

It was reported over half a century ago, and widely accepted until recently, that the anterior
chamber (AC) of the eye lacked patent lymphatic drainage channels [3,4,17,18]. However,
subsequent studies in mice revealed that antigens introduced into the AC induced clonal
expansion of antigen-specific T cells in the sub-mandibular lymph node [19]. By contrast,
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trafficking of immune cells and macromolecules into the AC of the eye is limited by the tight
junctional complexes in the vascular endothelial cells of the iris and retina.

MHC class | molecules are expressed on virtually all nucleated cells, with the exception of the
neurons in the CNS and the corneal endothelium and retina [3,4,17,18]. Thus, the absence or
low expression of conventional MHC class | molecules on the corneal endothelium and the
neural retina renders them invisible to class I-restricted cytotoxic T lymphocytes and thus
prevents them from being eliminated in the event of a viral infection. In addition to serving as
crucial ‘docking stations’ for cytotoxic T lymphocytes, MHC class | molecules are important
for regulating NK cell-mediated cytolysis. NK cells are programmed to kill any cell that lacks
MHC class | molecules. However, engagement of MHC class | molecules on potential target
cells with the killer inhibitor receptors on NK cells sends an “off’ signal to NK cells and prevents
the expression of their cytolytic machinery [20]. However, the absence of MHC class |
molecules places these cells at risk for NK cell-mediated attack. To compensate for this risk,
corneal endothelial cells and retinal cells express nonclassical MHC class b molecules, such
as HLA-G and HLA-E in humans and Qa-2 in mice, which can substitute for classical MHC
class la molecules in transmitting an off signal to NK cells [21,22].

Soluble factors that contribute to ocular immune privilege

The aqueous humor (AH) that fills the AC of the eye contains a ‘pot pourri’ of soluble anti-
inflammatory and immunosuppressive factors [23]. Delayed-type hypersensitivity (DTH) is a
form of immune-mediated inflammation that can inflict extensive collateral damage to innocent
bystander cells. Thus, it is noteworthy that at least four different factors in the AH inhibit DTH
in the eye [23]:

« TGF-B

* a-melanocyte stimulating hormone
»  Vasoactive intestinal peptide

e Calcitonin gene-related peptide

Corneal cells also produce an intracellular enzyme, indoleamine dioxygenase that catabolizes
tryptophan — a key amino acid that is vital for T-cell survival [24,25]. Thus, inflammation
involving elements of the adaptive immune response is closely regulated by soluble factors in
the AH and cornea.

The AH also contains soluble factors that suppress the innate immune system. An AH-borne
10-kDa factor induces apoptosis of NK cells, macrophages and neutrophils [26]. The
complement system can be activated by the alternate pathway and can thus claim membership
in both the innate and adaptive immune systems. Activation of the complement cascade
produces potent chemo-attractants that recruit and activate granulocytes. Granulocytes produce
a variety of proteases and reactive oxygen species that can cause extensive injury to normal
tissues. However, the AH is endowed with complement regulatory proteins that effectively
inactivate the complement cascade and protect the eye from this form of inflammation [27-
30].

As mentioned earlier, the expression of nonclassical HLA-G, HLA-E and Qa-2 molecules on
the corneal endothelium and retina should protect corneal endothelial and retinal cells from

NK cell-mediated attack. The AH also contains macrophage migration inhibitory factor (MIF)
and TGF-p, which are potent inhibitors of NK cell-mediated cytolysis [31-33]. In vitro studies
have confirmed that MIF and TGF-B — at concentrations found in the AH — inhibit NK cell-

mediated cytolysis of corneal endothelial cells [31,32]. To date, no publications have reported
the effect of MIF or TGF-f on NKT cell-mediated cytolytic activity. Thus, soluble factors in
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the eye closely regulate both adaptive and innate immune responses and protect amitotic tissues
from immune-mediated injury (Table 1).

Cell membrane factors that support ocular immune privilege

The cells lining the inside of the eye display cell membrane-bound molecules that inactivate
the complement system and induce apoptosis of inflammatory cells. Fas ligand (FasL;
CD95L) is expressed throughout the eye and induces apoptosis of inflammatory cells
expressing its receptor (CD95) [34]. FasL is also important for promoting the survival of
corneal allografts [35,36]. Programmed death ligand 1 (PD-L1) is another apoptosis-inducing
molecule that is expressed on multiple cells in the mouse and human eye [37-39]. Engagement
of PD-L1 on ocular cells with its receptor on T cells results in the inhibition of T-cell
proliferation, induction of apoptosis, inhibition of proinflammatory cytokine production and
enhancement of corneal allograft survival [37,38].

In addition to their presence in soluble forms in the AH, complement regulatory proteins are
also expressed on the cell membranes of ocular cells and act as important buffers for controlling
inflammation provoked by the complement cascade [30]. Thus, the eye employs both soluble
and cell membrane-bound factors to control inflammation mediated by both the innate and
adaptive immune systems (Table 2).

Role of ACAID in ocular immune privilege

The notion that dynamic immunoregulatory processes contribute to immune privilege in the
eye was launched 30 years ago in seminal studies by Streilein et al. [3,4,18,40]. These studies
demonstrated that antigens introduced into the AC elicited a systemic immune deviation that
was characterized by antigen-specific suppression of DTH by CD4~CD8* Tregs and the
preferential production of non-complement-fixing antibodies. This anterior chamber-
associated immune deviation (ACAID) was believed to be simply the preferential activation
of a Th2-based immune response that crossregulated Th1l immunity. However, subsequent
studies demonstrated that ACAID resulted in the inhibition of both Th1- and Th2-based
immune-mediated inflammation [41]. It was also believed that the putative absence of
lymphatic drainage of the AC resulted in antigens leaving the eye via the vascular route and
that this was tantamount to an intravenous injection. Accordingly, it was thought by some that
ACAID was simply a complicated form of intravenous-induced immune deviation. However,
multiple studies have demonstrated numerous fundamental differences between ACAID and
intravenous-induced immune tolerance [18], including the observation that antigens injected
into the AC rapidly reach draining lymph nodes [19,42,43].

Anterior chamber-associated immune deviation is initiated either when antigens enter the eye
or when corneal allografts are transplanted to the eye [44]. ACAID requires the participation
of four organ systems: the eye, thymus, spleen and sympathetic nervous system (Figure 2).
Removal of the eye, spleen or thymus within 3 days of AC antigen injection prevents the
induction of ACAID and instead results in the development of a conventional immune response
[45-47]. Chemical sympathectomy also prevents the induction of ACAID [48]. Although there
is no evidence in the literature that NK cells play a role in the induction of ACAID, it is clear
that NKT cells contribute to the induction of ACAID [49], both in the thymus [47,50,51] and
in the spleen [52,53].

Ocular phase of ACAID

Antigens introduced into the AC initiate the induction of ACAID when they are captured by
F4/80* macrophages, which serve as ocular antigen-presenting cells (APCs). Under the
influence of cytokines in the AH, most notably TGF-, ocular APCs downregulate IL-12 and
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upregulate 1L-10. After capturing antigen, ocular APCs also begin producing macrophage
inflammatory protein-2 (MIP-2), which plays a crucial role in the subsequent stages of ACAID
that occur in the spleen. It is believed that within 72 h of capturing antigen, the ocular APCs
enter the bloodstream and migrate to the thymus and spleen. This conclusion is based on studies
indicating that F4/80* mononuclear cells can be isolated from the blood of mice injected in the
AC with antigen, and that adoptive transfer of these cells to naive mice induces ACAID [54].
The blood-borne ocular APCs are remarkable in their capacity to produce immune tolerance;
as few as 20 of these cells can induce ACAID when adoptively transferred to naive recipients
[54]. However, Camelo et al. demonstrated that within 24 h of injection into the AC, the bulk
of soluble antigens can be detected in multiple lymph nodes and the spleen in non-cell-
associated forms [54]. However, given the infinitesimally small number of F4/80*
mononuclear cells that are capable of inducing ACAID, it is difficult to rule out a role for these
cells in the induction of ACAID by simple morphological or conventional imaging techniques.

Thymic phase of ACAID

The induction of ACAID requires an intact thymus, which is an important source of NKT cells
that are needed for the splenic phase of ACAID [51]. Within 72 h of leaving the AC, ocular
APCs induce the generation of a unique population of CD4"CD8 NK1.1* T cells [47]. The
thymus-derived NKT cells are CD-1d-dependent and are only generated if the ocular APCs
express CD-1d on their surface [51]. The thymic NKT cells emigrate from the thymus to the
spleen within 4 days of the original AC injection of antigen [47]. The CD4°CD8~, NK1.1* T
cells that are recent thymic emigrants to the spleen do not become the splenic CD4* NKT cells
or the CD8* ACAID Tregs [50]. The precise mechanism that the recent thymic emigrants
employ in the generation of the end-stage CD8" ACAID Tregs remains a mystery.

Splenic phase of ACAID

The population of ocular APCs that enters the spleen possesses unique properties [52,53,55—
58]:

»  Expression of CD-1d

e Elevated production of IL-10, IL-13 and MIP-2

»  Downregulation of 1L-12

» Activation of signal transducer and activator of transcription-6

Within the spleen, the ocular APCs produce MIP-2, which attracts CD4* NKT cells that in
turn produce RANTES. RANTES recruits additional cells into the marginal zone of the spleen
where a complex dialog involving multiple cells ensues. This involves B cells, CD4" NKT
cells, CD4* T cells, y8 T cells and CD8" T cells, the latter of which differentiate to become
end-stage ACAID Tregs. Two populations of APCs appear to function in the splenic phase of
ACAID. F4/80* ocular APCs must ligate the third component of complement (C3) via their
C3b receptor in order for ACAID to be induced [59]. This, in turn, induces the ocular APCs
to produce increased amounts of IL-10 and TGF-B, while simultaneously downregulating their
production of IL-12. Under the influence of increased IL-10 and TGF- 3, the ocular APCs
process ocular antigens and release them into the marginal zone of the spleen, where they are
captured by B cells. B cells capture and internalize the ocular antigenic peptides via their
antigen-specific B-cell receptors and proliferate prior to presenting the reprocessed peptides
to T cells [60,61]. CD4™ T cells are required for the generation of the CD8* end-stage ACAID
Tregs. Both the CD4* and CD8* T-cell populations are antigen specific and, thus, must
encounter ocular antigens presented on MHC class 11 and MHC class | molecules, respectively.
In vitro models of ACAID have provided evidence suggesting that ACAID B cells present
both MHC class I-restricted and MHC class Il-restricted antigens to CD8" T cells and CD4*
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T cells, respectively [62]. The MHC class I-like Qa-1 molecule is necessary for the induction
of ACAID, as Qa-1-deficient mice fail to develop ACAID [63]. Moreover, Qa-1 compatibility
between the ACAID B cells and ACAID T cells is required for the induction of ACAID, and
suggests that antigen presentation by B cells to CD8" T cells is via the Qa-1 molecule [64].

The induction of ACAID also requires the participation of splenic y3 T cells [65-68]. The
precise role of y8 T cells in ACAID remains to be elucidated. Although it is clear that they
must have the capacity to produce IL-10, they do not act as ancillary APCs or as end-stage
Tregs [65].

The eye, spleen and thymus have dense sympathetic innervations and, coincidentally, are also
necessary for the induction of ACAID. Although the eye has significant sympathetic nervous
system innervation, the sympathetic nervous system does not appear to be necessary for the
generation of ocular APCs [48]. However, chemical sympathectomy prevents the generation
of CD4* NKT cells and suggests that the sympathetic nervous system is required indirectly for
ACAID for its putative role in the generation of the NKT-cell population that eventually enters
the spleen and participates in the induction of CD8* ACAID Tregs.

Expert commentary & five-year view

The presence of multiple overlapping mechanisms for regulating immune-mediated
inflammation in the eye seems to be by design, rather than being an immunological accident.
On first consideration, one might think that disabling ocular immune responses would
unwittingly create an ‘immunological blind spot’ and render the eye vulnerable to a variety of
infectious diseases; however, the eye is an extension of the brain and cannot tolerate immune-
mediated inflammation. In particular, ACAID limits the immunological options that are
available for ridding the eye of infectious agents. This seems counterintuitive for the wellbeing
of the host. Although ACAID prevents the generation of DTH responses, which are notorious
for inflicting extensive injury to innocent bystander cells, the eye compensates by sparing the
production of neutralizing, noncomplement-fixing antibodies and preserving elements of the
innate immune response, which can be highly effective in controlling at least some of the
infectious agents that enter the eye [69]. However, ACAID is neither immutable nor universal,
as certain microbial agents and highly immunogenic tumors can circumvent ACAID and
provoke robust DTH responses [70-72]. Over 20 years ago, Streilein noted that the eye and
the immune system are engaged in a ‘dangerous compromise’, in which the eye is protected
from immune-mediated inflammation at the risk of uncontrolled ocular infections [40]. The
exquisite acuity of the mammalian visual system is a testament to the success of this
compromise.

Regulatory T cells that are virtually identical to ACAID Tregs can be generated in vitro. These
in vitro-generated ACAID Tregs have been used to enhance corneal allograft survival and to
mitigate Th2-mediated pulmonary inflammation in animal models. Moreover, the induction
of ACAID with retinal autoantigens, such as the interphotoreceptor retinoid-binding protein,
mitigates experimental autoimmune uveitis in rodents. Although there are many logistical
obstacles that must be negotiated before this strategy can be applied clinically, it holds promise
as a novel therapeutic modality for managing a variety of diseases. The next 5 years should
bring even greater insights into the mechanisms and potential applications of ocular immune
privilege.

Key issues

e Immune privilege is the condition that prevents immune-mediated injury to ocular
tissues that cannot regenerate.
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e Immune privilege is the sum total of multiple physiological, anatomical and
immunoregulatory features of the eye that reduce the likelihood of inflammation
within the eye.

e Soluble factors in the aqueous humor suppress both the innate and adaptive
immune responses in the eye.

e Cell membrane-bound factors induce apoptosis of inflammatory cells entering the
eye.

e Anterior chamber-associated immune deviation (ACAID) is a dynamic
immunoregulatory process that is induced when antigens enter the eye or when a
corneal transplant is grafted onto the eye.

e ACAID suppresses antigen-specific immune-mediated inflammation.

e Natural killer T cells participate in multiple stages of ACAID.
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Figure 1. Anatomy of the eye
Image redrawn courtesy of National Eye Institute, NIH.
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Figure 2. Organ systems involved in the induction of anterior chamber-associated immune
deviation (ACAID)

Removal of the eye, thymus or spleen within 72 h of anterior chamber injection of antigen
prevents the induction of ACAID. Chemical sympathectomy within 4 days of anterior chamber
injection of antigen abrogates ACAID. NK T cells are crucial in the thymic and splenic phases
of ACAID. APC: Antigen-presenting cell; NK: Natural killer. Reproduced with permission
from [3].
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Table 1

Agueous humor-borne factors that inhibit innate and adaptive immune responses.

Factor

TGF-B
MIF
10-kDa factor

CRP
VIP
CGRP

% MSH

sFasL

*

IDO

Inhibitory effect

Innate immune response Adaptive immune response

Inhibits NK cell activity Suppresses DTH

Inhibits NK cell activity Unknown

Induces apoptosis of NK cells, macrophages Induces apoptosis of T cells

and neutrophils

Inactivates the complement cascade Inactivates the complement cascade

Unknown Inhibits DTH

Unknown Inhibits DTH

Inhibits activation of macrophages and Inhibits DTH

neutrophils

Inhibits activation of neutrophils Induces apoptosis of T cells

Unknown Induces apoptosis of T cells by tryptophan
deprivation

*
IDO is not found in soluble form in the aqueous humor. It is an intracellular enzyme that depletes tryptophan from the surrounding environment.

*MSH: a-melanocyte-stimulating hormone; AH: Aqueous humor; CGRP: Calcitonin gene-related peptide; CRP: Complement regulatory protein;
DTH: Delayed-type hypersensitivity; IDO: Indoleamine dioxygenase; MIF: Macrophage migration inhibitory factor; NK: Natural killer; SFASL:
Soluble Fas ligand; VIP: Vasoactive intestinal peptide.
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Table 2

Cell membrane-bound factors that inhibit innate and adaptive immune responses.

Inhibitory effect

Factor
Innate immune response Adaptive immune response
CRP Inactivates the complement cascade Inactivates the complement cascade
FasL Induces apoptosis of activated Induces apoptosis of T cells
neutrophils
TRAIL Induces apoptosis of macrophages Induces apoptosis of T cells
and neutrophils
MHC class Ib Inhibits NK cells Inhibits CTLs
PD-L1 Unknown Induces apoptosis of T cells and inhibits secretion of

TNF-a by T cells

CRP: Complement regulatory proteins; CTL: Cytotoxic T lymphocyte; FasL: Fas ligand; PD-L1: Programmed death ligand-1; NK: Natural killer;
TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand.
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