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A hematoxylin and eosin-stained section through
the pupillary-optic nerve plane of a healthy
mouse eye. It represents the typical mammalian
eye, with an anterior chamber residing between
the cornea and the lens, and a vitreous chamber
filled with the vitreous gel which extends all

the way from the back of the lens to the retina.
Both of these chambers are immunologically
privileged compartments in the eye.

Image by Rachel R. Caspi

Immune privilege was once thought to

be the property of a few select sites that
include the eye, brain, testis, pregnant
uterus and (of all things) the hamster
cheek pouch, and was believed to be
mainly based on sequestration behind
blood-tissue barriers. This view has
changed. Immune privilege is now
considered to constitute a more general
phenomenon through which tissues are
able to actively direct and control immune
responses taking place in their “territory”
to preserve their structural and functional
integrity in the face of inflammatory
processes. These positive aspects of
immune privilege can be hijacked by
tumors to their survival advantage

and to the detriment of the host. This
Research Topic dissects the beneficial and
deleterious consequences of immune
privilege in terms of the cellular and
molecular mechanisms that various tissues
and tumors use, each in its own fashion,
to regulate immune processes that affect
them, at the local and the systemic level.
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Like other scientists, immunologists use two types of approaches
to research: one reduces the problem to its parts; the other studies
the emergent phenomenon produced by the parts. Scientists that
reduce the problem to its parts are sometimes called reductionists.
The conclusions of reductionist experiments are often applied to
the greater whole, when in actuality they may only apply to that
particular experimental set. We, reductionists, are the ones who
think our immune behavior exists solely because of genes, the
presence of TGF, the presence of inflammatory cytokines, and
appearance of a receptor. We tend to interpret the outcome in the
colors of our interests (ergo “to a hammer, everything is a nail”).
We measure parts and from the parts, we draw parallels to far-
removed outcomes in terms of health and disease. More often
than not, however, the results from the study of the parts do not
predict the whole, and often the whole becomes greater than the
sum of its parts. For example, a toll-like receptor does one thing
when there is a bacterial invasion but the same toll-like receptor
may lead to a different outcome when activated by danger signals
during injury.

The approach that is perhaps more applicable to biology, and
more specifically, to immunology, is the chaos theory. The chaos
theory deals with the multiple layers of conditions and unexpected
turns and restarts that can effect the outcome. It is applica-
ble to studies of dynamic systems like the weather, and in our
case, dynamic biological/immunological systems. The chaos the-
ory points out that small differences in initial conditions make it
impossible to predict the outcome. Thus, the behavior of the parts
does not make the outcome predictable.

Our point? Immune privilege is broadly understood as the abil-
ity of the tissue to actively regulate and direct immune responses
that take place in its “territory.” The articles in this Research Topic
in Frontiers in Immunology, “Good news—bad news”, support the
idea that to understand how immune privilege works, one has to
understand the dynamics of the different tissues in terms of initi-
ation, expression, regulation, and behavior, before one can begin
to predict an outcome.

This Research Topic contains a number of papers that deal with
immune privilege in the eye: a review that explores the relationship
of immune privilege to ocular disease (1); a contribution on local
regulation of immune CD8" T cells in the eye (2); a review dis-
cussing the intriguing parallels between the mechanisms of ocular
immune privilege and uveal melanoma (3); a thoughtful contri-
bution on how CD8™ Treg cells might enable ocular tumor growth
(4); a review proposing that (paradoxically) immune privilege

emerges as an enabler of immune cells that heal, as well as of
regulator immune cells that promote tissue damage (5).

While the eye is considered the prototypic immune privileged
tissue, it is not the only one. We therefore shift to reviews of
immune privilege and its mechanisms in other tissues and organs,
underscoring the universality of the phenomenon: the reproduc-
tive tract (6), the testis (7), tumor environment (8), and finally
chronic inflammatory diseases (9). While the eye, testes, repro-
ductive tract, tumors, and chronic immune diseases all seem to
share some “immune privileged” mechanisms, each has developed
unique features of its own. Recent reports have repeatedly shown
that immune regulation is “tailored” to the individual tissue in
which it is taking place.

Each immune privileged tissue has a unique function. The eye
must protect the light path and signals that stimulate the retina,
and photoreceptors to preserve vision. The testis has to protect the
sperm as they proceed to the epididymis where they mature. The
maternal reproductive tract has to protect its eggs both before and
after fertilization and thus has developed specialized mechanisms
to modify the body’s response to foreign antigens. These unique
challenges require different solutions and lead to unique immune
privilege mechanisms. However, although microenvironment and
the stromal cells that carry out the particular function may vary
between tissues, and consequently the mechanisms that promote
regulation may be unique to that cell or tissue, the goal is the same:
limit collateral damage to preserve tissue integrity and maintain
homeostasis to the extent possible, without compromising host
defense.

Many of the studies in the tissues other than the eye reveal areas
of investigations that have not been well studied in the eye. IDO
exerts profound effects on immune and tissue cells that suppress
pro-inflammatory and immune stimulatory responses to a vari-
ety of insults. While the eye does not have frequent exposure to
foreign antigens, its many layers of immune regulation appears
to allow unmatched cornea grafts long-term survival without sys-
temic immunosuppression. It is clear that we do not know all the
immune privilege paradigms, but by understanding the emergent
phenomena that are produced by the parts of immune privilege
that is used by other tissues, may help to understand the concept
of immune privilege as a whole. The needs of the tissue, its envi-
ronment, and consequently the mechanisms used by each tissue
to immunoregulate may vary. But yet, many of the basic concepts
may be shared. Thus, out of the parts, emerges a whole that is
greater than the sum of the parts.
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Immune privilege

We hope this Research Topic has successfully outlined the many
layers involved in immune privilege, established that they vary
with each tissue and clarified that the outcome cannot always be
predicted. Because clinical expectations of medical research often
hurry scientific discoveries prematurely to therapeutic applica-
tions, the scientists who break new ground should also use caution.
Caution, that premature application of the basic science good news
without sufficient understanding and application of the chaos
theory, may lead to bad news.
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The eye and the brain are prototypical tissues manifesting immune privilege (IP) in which
immune responses to foreign antigens, particularly alloantigens are suppressed, and even
completely inhibited. Explanations for this phenomenon are numerous and mostly reflect
our evolving understanding of the molecular and cellular processes underpinning immuno-
logical responses generally. IP is now viewed as a property of many tissues and the level
of expression of IP varies not only with the tissue but with the nature of the foreign antigen
and changes in the limited conditions under which privilege can operate as a mechanism of
immunological tolerance. As a result, IP functions normally as a homeostatic mechanism
preserving normal function in tissues, particularly those with highly specialized function
and limited capacity for renewal such as the eye and brain. However, IP is relatively easily
bypassed in the face of a sufficiently strong immunological response, and the privileged
tissues may be at greater risk of collateral damage because its natural defenses are more
easily breached than in a fully immunocompetent tissue which rapidly rejects foreign anti-
gen and restores integrity. This two-edged sword cuts its swathe through the eye: under
most circumstances, I[P mechanisms such as blood—ocular barriers, intraocular immune
modulators, induction of T regulatory cells, lack of lymphatics, and other properties main-
tain tissue integrity; however, when these are breached, various degrees of tissue damage
occur from severe tissue destruction in retinal viral infections and other forms of uveoreti-
nal inflammation, to less severe inflammatory responses in conditions such as macular
degeneration. Conversely, ocular IP and tumorrelated IP can combine to permit extensive

tumor growth and increased risk of metastasis thus threatening the survival of the host.

Keywords: immune privilege, para-inflammation, eye

INTRODUCTION

The first Ophthalmology textbook in English, written in the first
half of the nineteenth century, contained a description of sym-
pathetic ophthalmia (SO), an intraocular inflammatory disease
which develops in the fellow eye several months after penetrating
injury to the first eye (Mackenzie, 1830). SO was a pre-eminent
example of “horror autotoxicus” (reviewed in Mackay, 2010) and
the search was on to define the autoantigen(s) (Faure, 1980), many
of which are located in the retina (Wacker, 1991). At the same
time as immunity and autoimmunity were being recognized, the
remarkable acceptance of corneal allografts compared to skin allo-
grafts (ZIrm, 1906), which had been reported in the early part of
the twentieth century, allowed Medawar to formulate the con-
cept of immune privilege (IP). IP was a property of certain tissues
(specifically the eye and the brain; Medawar, 1961) in which for-
eign antigens placed in those tissues failed to evoke a conventional
immune response. Such tissues were seen to be afforded a level of
protection from immunological damage (termed IP).

The concept of IP has since been extended and is now regarded
as a relative term, not unique to the eye or brain; it is a property
of many tissues, develops de novo in accepted vascularized grafts
(Cobbold, 2009; Huang etal., 2010) and constitutes part of the

immune response to tumors (Mellor and Munn, 2008). Ocular IP
is inducible and transferable (through adoptive transfer of CD8*
T regulatory cells (Tregs) — infectious tolerance; Griffith etal.,
2011) and thus has informed immunology generally on regulatory
mechanisms.

Despite ocular IP, autoimmune and immune-mediated diseases
of the eye occur with demoralizing frequency; for instance, 5 year
survival rates of corneal allografts in humans are lower than those
of solid organ grafts (Williams and Coster, 1997), although this
statistic can be somewhat misleading since most corneal allografts
in humans are performed without tissue matching (see below);
also, both innate and adaptive immune mechanisms underlie
several blinding ocular diseases, the scourge of populations word-
wide, such as age-related macular degeneration (AMD), infectious
corneal blindness, glaucoma and the “Cinderella” disease, uveitis
(see Box 1).

Ocular IP has been reviewed several times recently (Caspi,
2006; Niederkorn, 2006; Ferguson and Griffith, 2007; Forrester
etal., 2008b). This review therefore will focus on the place
of IP as an immunoregulatory, tolerance-inducing mechanism,
and discuss its limitations in the context of sight-threatening
diseases.
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Risk of ocular immune privilege

Box 1| Uveitis.

Terminology for Uveitis is confusing and as a result the condition
has been somewhat neglected as a global cause of blindness (thus
it is a “Cinderella” syndrome) mainly because clinicians have had
difficulty reaching agreement as to what constitutes uveitis. How-
ever, a recent initiative is aimed at developing international criteria
for the various entities that come under the umbrella of uveitis
(Standardization of Uveitis Nomenclature, SUN; Jabs etal., 2005).

The term “Uveitis” is a misnomer since it suggests that the
focus of inflammation is the uvea. Discrete parts of the uvea can be
affected separately: the iris (iritis), ciliary body (cyclitis, iridocyclitis),
choroid (choroiditis), or entire uvea (panuveitis; see Figures 1A,B).
However, the triggering antigens (either foreign or self-antigens
from retina, lens, cornea) can be located in any of the tissues,
including the uveal tract itself. The most potent autoantigens have
been identified in the retinal photoreceptors. Accordingly, uveitis
(uveoretinitis) is also classified under the term “Intraocular Inflam-
mation,” and sub-classified as to whether it affects the anterior
segment of the eye (“anterior segment intraocular inflammation,”
ASII) in which it is restricted to the cornea, anterior chamber, iris,
ciliary body, and lens, or it selectively affects the posterior segment,
which includes the pars plana region of the ciliary body (pars plani-
tis), the vitreous gel (vitritis), the retina (retinitis), the retinal vessels
(retinal vasculitis), the choroid (choroiditis), or the optic nerve (papil-
litis, optic neuritis; posterior segment intraocular inflammation,
PSII).

Uveitis according to the SUN criteria is classified by its underlying
cause and then according to its anatomic location (Table 1).

Table 1 | Classification of uveitis (SUN criteria) with some examples.

Classification Type of uveitis/uveoretinitis/intraocular inflammation

Infectious Non-infectious

Anterior Viruses HLA B27-associated uveitis
e.g., HSV, CMV, vzVv

Intermediate  Toxocara Pars planitis

Toxoplasmosis |diopathic vitritis

Intermediate uveitis

Posterior Toxoplasmosis Retinal vasculitis

Tuberculosis Multifocal choroiditis

Syphilis PIC*

Lyme disease Behcet's disease

Candida Vogt—Koyanagi—-Harada disease
Panuveitis All of above All of above

*PIC, punctate inner choroidopathy, a chronic low grade inflammation with
subretinal neovascularization (see text).

IMMUNOLOGICAL PROPERTIES OF THE EYE

CELLS AND TISSUES

Several ocular tissues such as the uvea (middle layer of the eye
comprising the iris, ciliary body, and choroid), the cornea, the
conjunctiva, and periocular fascia (Forrester etal., 2008a; see
Figure 1), contain rich networks of innate immune cells (bone
marrow-derived resident macrophages and dendritic cells, DCs)

which, together with the parenchymal cells, secrete a wide range
of mediators which underpin IP (Forrester etal., 2008b, 2010).
The retina contains specialized myeloid cells (microglia), similar
to brain microglia, recently reported to originate from yolk sac
precursors (Ginhoux et al., 2010). In addition, the central (around
the optic nerve) and peripheral (at pars plana, Figure 1) rims of
the retina contain a small population of DCIRT MHC Class 11"
DCs, as does the corneal periphery (Xu etal., 2007b).

Recently, a small population of retinal DCs has been described
in mice expressing CD11c-GFP (Heuss etal., 2012) although the
specificity of CD11c for DCs is open to question. The central
cornea has few DCs but contains MHC Class II™ macrophages
(Brissette-Storkus et al., 2002; Sosnova etal., 2005; Kuffova etal.,
2008) while peripheral corneal epithelial Langerhans cells and
stromal Langerin™ cells also reside in the cornea (Hattori etal.,
2012). The lens contains no myeloid cells while the normal
extravascular tissue of the eye is devoid T or B cells.

BLOOD-0CULAR BARRIERS

The intraocular compartments (Figure 1B) are separated from the
blood and lymphatic circulations by the blood—aqueous barrier
and the blood-retinal barrier (BRB; Forrester et al., 2008a).

Blood-aqueous barrier

Blood—aqueous barrier has two components — tight junctions
between the endothelial cells of the ciliary blood vessels and sim-
ilar junctions between the lining epithelial cells (Figure 1). The
epithelial cells of the ciliary body maintain the intraocular pres-
sure by pumping fluid which drains through the porous trabecular
meshwork of the anterior chamber into the blood and lymphatic
vessels of the episclera (Figure 1B). The sclera itself, like the central
cornea, is avascular.

Blood-retinal barrier

Blood-retinal barrier also comprises two components — tight
junctions of the retinal vessels and of the retinal pigment epithe-
lium (RPE; Figure 2). The RPE is a terminally differentiated layer
of neuroectoderm-derived cells formed embryologically by cells of
the developing outer layer of the optic cup (Kim and Kim, 2012)
whose function is to maintain the physiology of the photoreceptors
and remove waste products (see below).

OCULAR CONNECTIONS TO SECONDARY LYMPHOID

TISSUES

Although the periocular tissues such as the conjunctiva and
the episclera (see Figure 1) contain lymphatics, the intraocular
compartment of the eye lacks traditional lymphatics. Aqueous
fluid from the anterior chamber, presumably containing soluble
antigen shed physiologically, drains via episcleral blood vessels
(aqueous veins) through the venous circulation to thymus, liver,
and spleen (Figure 3). There is also a site-specific eye-draining
lymph node (DLN) which receives soluble and cell-associated anti-
genic material from the eye (Plskova etal., 2002; Kuffova etal,
2008). Fluid also tracks by transscleral flow from the vitreous
cavity across the retina driven by a RPE Na™K* ATPase pump
which, when damaged, causes subretinal fluid accumulation (For-
rester etal.,, 1990), but the likelihood of shed ocular antigens
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FIGURE 1 | Anatomy/physiology of the eye to include ocular immune
cells. (A) The eye is composed of three layers: an outer layer (cornea/sclera),
an inner layer (retina), and a middle layer (uvea, a continuous structure
comprising iris, ciliary body, and choroid). The anterior chamber lies between
the iris and the cornea, the posterior chamber between the lens and the iris,
and the vitreous cavity (containing the vitreous gel, a type 1I/XI collagenous
avascular extracellular matrix) describes the main chamber of the eye behind
the lens. The human eye maintains a pressure between 10 and 20 mm Hg,
which is generated by the unidirectional flow of fluid (aqueous humor
secreted by the ciliary body) from the posterior chamber into the anterior
chamber, and leaving the eye via the trabecular meshwork, to drain into the
episcleral veins. The “fundus oculi” is the view of the retina/choroid seen
through the ophthalmoscope; the central fovea/macula is a cone
photoreceptorrich area, 500 microns in diameter, subserving central visual
acuity. The remaining retina provides peripheral vision (visual field) and all
visual information is transmitted through retinal neuronal cells, via the optic
nerve, which synapse in the lateral geniculate body intracranially. The uvea
contains a network of resident innate immune cells (DCs and macrophages)
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and is highly vascular (seen in section and en face views in the figure). The
retina contains few conventional resident myeloid cells, but has a population
of microglial cells (see text). Normal ocular tissues are devoid of
lymphocytes. The cornea contains a population of passenger leukocytes
mostly in its peripheral rim as well as some lymphatics in this region
connecting with lymphatics in the conjunctiva. (B) Eye health is dependent on
having a normal intraocular pressure, which is maintained between 12 and

20 mm Hg by the flow of agueous fluid from the posterior chamber of the eye
(the space between the posterior surface of the iris and the anterior surface
of the lens) and the anterior chamber (the space between the posterior
surface of the cornea and the anterior surface of the iris). The vitreous cavity
is the intraocular compartment behind the lens and in front of the retina.
Agueous fluid is secreted by the epithelial cells of the ciliary body into the
posterior chamber and flows through the pupil of the iris into the anterior
chamber to drain through the trabecular meshwork at the angle of the eye
between the iris and the cornea, into the subconjunctival space, to be finally
removed by interstitial fluid flow into the episcleral veins and the
subconjunctival lymphatics.
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FIGURE 2 | Blood-retinal barrier (BRB). The BRB is created by tight
junctions at two sites: between endothelial cells of the retinal vessels that
supply the inner retina (ganglion cells and bipolar cells) and the retinal
pigment epithelium (RPE cell; which filters blood from the fenestrated, leaky
choroidal vessels). The RPE regulates two-way transport of fluid, nutrients,
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and waste between the outer retina (photoreceptors) and the fast flowing,
high volume choroidal bloodstream. The choroid stroma contains resident
innate immune cells to maintain homeostasis in the outer retina (see
Forrester etal., 2010) as well as fibroblasts and melanocytes. Breakdown of
the BRB can thus occur either at the retina vessels or at the RPE layer.

reaching lymphatics through this route is low, given the extremely
high flow rates of blood through the choroidal vessels (Forrester
etal., 2008a).

NEURAL CONNECTIONS

Aside from the neural connections to the brain via the visual
pathways, for which there are several types of photoreceptors,
as well as light-sensitive melanopsin-containing neurons gener-
ating circadian rhythms (Do and Yau, 2010), the eye has a full
complement of motor, sensory, and autonomic nerves. Some
provide, or respond to, immunoregulatory moieties with IP-
promoting properties, including the neuropeptides, aMSH, CGRP
and VIP, PACAP, melanocortin and retinoids (reviewed in For-
rester etal., 2008b). Others provide routes for immune attack
and evasion as in herpes virus infection of the cornea (via the
Vth cranial nerve). CD8 T cells have a unique role in maintain-
ing HSV latency at the trigeminal ganglion (Sheridan etal., 2007;
Frank etal., 2012).

THE HAZARDOUS NATURE OF OCULAR IMMUNE PRIVILEGE
The term IP was coined to indicate that certain tissues or cells have
an advantage over others, allowing them to modulate immune
responses to foreign antigens or to be regarded themselves as non-
immunogenic when transplanted (e.g., stem cells; Robertson et al.,
2007; Zhou and Caspi, 2010). However, IP as such carries risks to
the host since it permits foreign antigens/organisms to “hide” in
IP sites (Wekerle, 2006).

WHAT IS IMMUNE PRIVILEGE?

Different levels of IP apply to many tissues, including some which
are normally expected to mount full blown immune responses
to foreign antigens (skin, lung, and gut). Conceptual shifts in
the self/non-self paradigm underpinning adaptive immunity have
emerged from evidence that innate immune recognition of foreign
antigens has some degree of specificity [via pathogen-associated
molecular patterns (PAMPs) and pathogen recognition receptors
(PRRs; Kumar etal., 2011)]. This idea has evolved beyond selective

Frontiers in Immunology | Immunological Tolerance

November 2012 | Volume 3 | Article 338 | 9


http://www.frontiersin.org/Immunological_Tolerance/
http://www.frontiersin.org/Immunological_Tolerance/archive

Forrester and Xu

Risk of ocular immune privilege

Bone
Marrow
()
Dendritic
Cell
Naive
lymphocytes

Blood

FIGURE 3 | Circulation of immune cells to and from the eye. Myeloid cells
(macrophages and DCs) traffic from the bone marrow to the eye via the blood
and populate some ocular tissues, predominantly the uvea (iris, ciliary body,
and choroid); a few cells enter the peripheral retina and cornea. When ocular
tissues are perturbed, bone marrow-derived cells, carrying antigen from the
eye, can be found in the eye-draining lymph node (DLN; see text). However
whether there is transport of steady-state antigen to the DLN is not known.
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Both cell-associated and soluble antigen injected into the eye, or applied to
the abraded cornea, can be detected in the spleen after several hours.
Resting T and B cells circulate normally through the uveal blood vessels of
eye but do not cross the blood-ocular barriers; it is presumed they
communicate with eye-derived antigen presenting cells in the secondary
lymphoid tissues (spleen and lymph node) and respond appropriately to
promote tolerance or immunity as in other tissues (see text).

recognition of pathogens, to recognition of “Danger” by the host
(Matzinger, 2001; Miller et al., 2011), and to the notion that differ-
ent tissues contribute variably to immune regulation particularly
of the effector response, depending on which specific structures or
functions are threatened (Matzinger, 2007; Matzinger and Kamala,
2011). While the Danger hypothesis has greatly broadened our
understanding of how immunological responses are initiated, a
certain caution might be exercised since it is difficult to define
“Danger” in molecular or cellular terms. Accordingly, since IP
itself as a concept is contingent upon the self/non-self paradigm
of adaptive immunity, it is timely to review exactly what IP
means.

At its core, IP is a form of tolerance expressed through tissue-
specific properties (see above), is shown to be inducible toward
foreign and alloantigens, and is assumed to underpin tolerance
to ocular self-antigens. As a general hypothesis therefore, we can

consider tissue-centered immunological tolerance as additional to
the well-established central and peripheral tolerance mechanisms
(Matzinger, 2007). Tissue-centered tolerance (TCT; Matzinger
and Kamala, 2011) varies with the nature, properties, and vas-
cularity of the tissue and is optimal in tissues such as eye and
brain. In other tissues, TCT or IP can be induced, for instance
as in accepted allografts and even in the stem cell niche (Robert-
son etal., 2007; Cobbold, 2009; Waldmann, 2010; Fujisaki etal.,
2011). Interestingly, in these environments Treg induction seems
to be the main mechanism of immune tolerance. As such, tis-
sues which depend on their intrinsic properties for immunological
protection or privilege (IP) are at greatest risk when tolerance is
breached.

Several mechanisms are proposed to explain ocular IP includ-
ing sequestration of antigen from the developing immune system
behind blood-ocular barriers (immunological ignorance), lack of
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lymphatics, absence of MHC Class I professional antigen pre-
senting cells (APCs; Hamrah and Dana, 2007; Forrester et al., 20105
negates CD4 T cells), lack of expression of MHC Class I on tis-
sue cells (negates CD8 T cells), expression of Qa-1 and HLA-G/E
(negates NK cells), presence of immune modulators such as TGFf,
CD200, CD55, and CD46, decay-acceleration factor (DAF; mod-
ifies APCs), and lack of thymic expression of tissue antigens (no
autoreactive T cells to escape to the periphery; Forrester etal.,
2008b; Zhou and Caspi, 2010).

In addition, parenchymal cells of the eye have the capacity,
at least in vitro, to exert T cell suppressive activity (Caspi etal.,
1987; Ferguson and Griffith, 2007) as well as generate Tregs (Tay-
lor etal., 1997; Yoshida et al., 2000; Zamiri et al., 2007; Sugita et al.,
2010). Expression of molecules such as FasL (Ferguson and Grif-
fith, 2007), PDL1 (Usui etal., 2008), CTLA4 (Sugita etal., 2006),
and the recently described CTLA2 (Sugita etal., 2008) by ocular
cells particularly the iris, ciliary body, and RPE cells generate
an immunosuppressive microenvironment (Stein-Streilein, 2008).
The PD-1 pathway is interesting since it appears to have the capac-
ity to promote T effector cell death similar to the Fas/FasL pathway,
but also has the potential to promote Tregs (Francisco etal., 2010).
Recently, retinoids (specifically retinoic acid, RA) have been impli-
cated in the induction of Tregs by the RPE in vitro (Kawazoe et al.,
2012). RA produced by CD103" lamina propria DCs has been
identified as a major inducer of intestinal Tregs and this property
of DCs has been extended to non-intestinal DCs (for review, see
Nagy etal., 2012). In these conditions, the Treg-inducing effects
of RA required TGFp (Cong etal., 2009). Recent data showed
that vitamin A-deficient mice were unable to convert naive T cells
to Tregs in the uninflamed eye in vivo which was interpreted as
being due to an absence of locally produced RA, presumably by
intraocular DCs (Zhou etal., 2012). However, in conditions of
active experimental autoimmune uveoretinitis (EAU), commit-
ted T effector cells could not be converted to Tregs suggesting
that this component of IP was lost during inflammation. Previous
studies had, in fact, shown that RA promoted the immunogenic-
ity of DCs in a pro-inflammatory environment (Geissmann et al.,
2003) and this may explain the results from the above experiment
in uveitis.

A potential role of RA in IP in the eye is a logical conceptual
extension given the role and high concentrations of retinoids in
the visual cycle. The RPE specifically expresses one of the enzymes
(RALDA10) required for metabolizing retinal (vitamin A) to RA,
and all-trans retinal itself has recently been shown to induce Tregs
in vitro (Jeon etal., 2012). However, most of the retinoids in the
RPE, if not used in the visual cycle, are stored as inactive retinyl
esters, and are converted to retinal by RALDhI10 if vitamin A
blood levels decline. In vivo evidence that visual cycle retinoids
themselves participate in IP is lacking, probably because their
escape from the visual cycle is tightly regulated. Indeed it has
been shown that accumulation of all-trans-retinal in mice lack-
ing the ABCA4 transporter (ATP-binding cassette transporter 4)
and RDHS (retinol dehydrogenase 8) are liable to retinal degen-
eration, particularly that induced by light (Maeda etal., 2009).
However, there are large networks of ocular tissue-resident DC
which are likely to be a source of retinoids for Treg induction
(Forrester etal., 2010). Indeed this may be a universal property

of all tissues related to tissue-resident, homeostasis-promoting,
self-tolerizing DCs, which is dependent on the density and pheno-
type of the DC, and is at a high level in the eye. Interestingly,
Tregs are important for maintaining IP in the brain and they
maintain this function even in the face of acute viral encephalitis,
thus minimizing bystander damage and presumably preventing
autoimmunity associated with the viral infection (Cervantes-
Barragan etal,, 2012). Induction of Tregs by DC in allografts
and other sites has been described as a form of acquired IP and
has been attributed in part to the expression of indoleamine
oxidase (IDO; for review, see Huang etal., 2010; Kushwah and
Hu, 2011) probably underscoring the fact that there are multi-
ple potential routes for induction of Tregs, but more importantly
highlighting the link between IP and Treg induction. Interest-
ingly, RA- and TGFB-mediated Treg induction does not carry over
to IL-10 Tr1 regulatory cell induction, in which these molecules
do not have any effect and may in fact have a negative role
(Maynard etal., 2009).

How Tregs might mediate privilege is unclear. Mice with defects
in central tolerance (such as those deficient in the autoimmune
regulator gene Aire required for negative selection of certain tissue-
specific antigens presented by mTECs) develop mild to moderate
ocular inflammation as part of a multiple autoimmune diathesis
(Anderson etal., 2002; DeVoss et al., 2006). However, Aire is also
involved in induction of natural Tregs in the thymus (Aschenbren-
ner etal., 2007) and Aire has also been detected in the periphery,
both factors indicating that this gene probably does not have a
restricted role in central tolerance (Metzger and Anderson, 2011).
Mice with defined immunodeficiencies involving Tregs are not
known to have ocular pathology which would suggest that either
Tregs do not contribute to ocular IP or that tissue-centered “IP-
like” mechanisms (TCT) are sufficient to sustain tolerance in
the eye. This has however, to our knowledge, not been directly
tested in Treg-deficient mice, using conventional models of ocular
autoimmunity, such as EAU. Despite this, patients with uveitis are
reported to have decreased levels of circulating Tregs which sug-
gests that peripheral tolerance, if not IP, is necessary to maintain
immunological homeostasis. Tregs occur as part of the infiltrat-
ing inflammatory cell population in the retina in EAU, indicating
that they almost certainly play a role. Since TCT is one aspect
of tolerance generally, it may be somewhat semantic to attribute
exclusivity in these mechanisms.

It can be seen that there are many possible mechanisms which
explain the immunosuppressive properties of the eye associated
with IP, all of which have been shown to be only partially vali-
dated, if functional at all in vivo; moreover, one single mechanism
is unlikely to account fully for ocular IP; instead, each probably
contributes to overall immune homeostasis. In this context, the
eye’s IP properties offer strong supportive evidence for Matzinger’s
TCT hypothesis but as discussed below, in many circumstances
IP/TCT is insufficient to fully protect the eye from Danger.

DOES IP HAVE MEMORY?

Adaptive immune responses to foreign antigens are characterized
by memory. Tolerance to self-antigen involves antigen-specific
responses leading to deletion, peripheral anergy, and/or regulation
with memory. Tolerance operates when there is risk of self-antigen
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exposure to the immune system, for instance during apoptotic
turnover of cells, by processes which suppress immune-mediated
inflammation and encourage “silent” clearance of cellular debris.
Much of this activity is conducted in secondary lymphoid tissues
like the liver and spleen, which drain the interstitial fluids via
lymphatic and blood circulations.

Tolerance to nominal antigens is demonstrable when, after
exposing the organism to antigen, an immune response to that
antigen cannot be induced on re-challenge. In some circum-
stances, an immune response can be elicited on re-challenge but
is attenuated or modified: the latter circumstance is known as
immune deviation. Tolerance is an active process involving T cell
proliferation followed by apoptosis (activation-induced cell death,
AICD) and clearance of cell debris by resident tissue scavenger
cells. However, if the initial encounter with antigen involves cell
necrosis and/or “adjuvant” effects of microorganisms via PRR acti-
vation and induction of IL-1/IL-18 via the inflammasome or other
mechanisms (van de Veerdonk etal., 2011), an active pathogenic
immune response with concomitant inflammation and bystander
tissue damage may occur.

There are several routes of antigen (Ag) administration for
inducing tolerance: intravenous (iv), subcutaneous (s/c), mucosal
(oral/nasal/conjunctival), intraperitoneal (ip), and intraocular
(io). Io injection involves antigen uptake by APC (Dullforce
etal.,, 2004) and induction of antigen-specific T cells, followed
by T cell and APC apoptosis via Fas/FasL (Green and Ferguson,
2001). Systemic tolerance to that antigen can then be demon-
strated by antigen re-challenge in a delayed-type hypersensitivity
(DTH) skin test (as originally shown for alloantigens by Medawar,
1948). This response is antigen-specific and thus has “memory,”
requires a minimum period of 3 days to develop, and is depen-
dent on an intact oculo-splenic axis (Streilein and Niederkorn,
1981). The tolerizing effect can be transferred to naive mice by
serum (Griffith etal., 1995), and by circulating mononuclear cells
(PBMC; Wilbanks and Streilein, 1992), from mice injected io with
antigen some days previously. Some of these PBMC express the
F4/80 antigen (Wilbanks and Streilein, 1992).

Trafficking studies using tagged molecules in mice injected io,
or after application to the abraded cornea, indicate that soluble
antigen rapidly reaches the eye-DLN within 30 min (Camelo et al.,
2004,2006) and then circulates widely to other lymph nodes (LNs;
including the mesenteric) and to the spleen within several hours.
Cell-associated antigen, after injection into the anterior cham-
ber, can be detected in the DLN at 6 h, and in the spleen after
16-24 h indicating that cellular traffic from the eye to these sites
is possible (Kuffovid etal., 2008). However, data from experiments
which involve intraocular injection require cautious interpretation
since io penetration necessarily involves some backflow of antigen
from the eye directly into the blood and lymphatic circulations
(see below).

Irrespective of how the antigen reaches the spleen, i.e., as
soluble, or later as cell-associated antigen, most groups agree
that DTH-testable antigen-specific tolerance can be transferred
to naive mice by splenic CD8" Tregs from mice injected io with
antigen. The nature of the APC which promotes this tolerance
is unclear, but mice deficient in cells expressing the macrophage
surface marker F4/80, fail to generate tolerance after io injection

(Lin etal., 2005). Intuitively, however, it is unlikely that cells from
the eye directly mediate this effect since the number of ocular
F4/807 cells is limited; furthermore, previous studies failed to
demonstrate APC migration from the iris after io antigen admin-
istration (Dullforce etal., 2004). An alternative possibility is that
ocular fluids, perhaps containing material shed as microparti-
cles or exosomes, or more conventionally as soluble proteins,
from incoming inflammatory cells (including T cells undergoing
Fas/FasL-mediated apoptosis and expressing TRAIL or shedding
STRAIL (Green and Ferguson, 2001; Griffith et al.,2011)), enter the
blood circulation and arrive at the spleen where further amplifica-
tion of the NKT cell/F4/80 spleen cell-mediated process of T cell
apoptosis occurs (Faunce and Stein-Streilein, 2002). Since toler-
ance via this route is transferable by serum and has been shown to
involve TCR components (Griffith et al., 1995), a possible explana-
tion for T cell antigen specificity via cell surface particle shedding
in this model arises.

The main flaw in these studies, going back to Medawar, is
that the technical procedure of inoculating antigens into the eye
causes breakdown of the blood-ocular barrier, however tran-
siently, with leakage of antigen into the periocular blood and
lymphatics, sufficient to permit rapid tracking of antigen to the
spleen either directly via the blood or after a first pass through
the DLN and thence to the spleen via the LN conduit system,
high endothelial venules (HEV) and efferent lymphatics (Plskova
etal., 2002; Kuffova etal., 2008). Tolerance induced by io injection
is therefore not, in substance, different from tolerance induced
by iv injection (antigen tracks directly to spleen), or by sc or ip
injection (antigen tracks via DLN to the spleen). Models which
suggest that TGFB-treated F4/80" peritoneal macrophages pref-
erentially mirror ocular IP overstate the case (Hara etal., 1992;
Niederkorn, 2009), and are probably not mechanistically different
from models of myeloid suppressor cell activity (Gabrilovich and
Nagaraj, 2009). Indeed, a recent study confirmed the role of
splenic red pulp F4/80MMac-1'° macrophages as immunosuppres-
sive cells and showed that they act by inducing CD4TCD25%
Tregs in a CSF-1-dependent manner (Kurotaki etal., 2011).
Gregerson etal. (2009) in an attempt to eliminate this techni-
cal flaw, showed that CD4TCD25" Treg-mediated tolerance to
endogenous retinal antigen, tested via retinal antigen-expressing
viral infection, was reduced when the source of retinal antigen
had been removed by enucleation of the eyes. However, the
trauma of enucleation is likely to induce a systemic concomi-
tant “Danger” signal which is difficult to control for (Miller etal.,
2011; van de Veerdonk etal., 2011). In contrast, intact periph-
eral T cell anergy as well as CD4TCD25" Treg generation (Lambe
etal., 2007) seemed necessary to avoid spontaneous uveitis in a
transgenic neoantigen model despite considerable central deletion
(Lambe etal., 2007).

The time differential for soluble antigen (minutes) vs cell-
associated antigen (hours) trafficking from the eye or indeed from
any LN drainage site is important in the context of induction of
tolerance vs immunity. LN resident APC, which will preferentially
capture fast-tracking soluble antigen as it percolates along the con-
duits, present low levels of specific antigenic peptide-MHC Class
II (p-MHCII) complexes, while migratory DCs entering the DLN
several hours later present high levels of p-MHCII (Itano etal.,
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2003; Sixt etal., 2005). Both resident and migratory DCs have the
capacity to induce T cell proliferation, but only migratory DC,
through prolonged T cell/DC interactions, induce T cells which
mediate DTH (for review, see Catron et al., 2004). Thus the earlier
arrival of soluble antigen to the secondary lymphoid tissues will
promote tolerance rather than DTH-style T cell responses. This
underappreciated concept may explain many aspects of ocular IP
and the essential nature of the time-dependent oculo-splenic axis
since it may be indirectly accessed via rapid transit of “tolerizing”
antigenic signals by a first pass through eye-DLN as well as directly
through the bloodstream.

SUBVERTING PRIVILEGE-PROMOTING CELLS

Despite the above caveats to what IP actually is and how it func-
tions, there is little doubt that the intraocular microenvironment is
immunomodulatory. Some of this is attributable to ocular-specific
cells such as the iris—ciliary body epithelium and the RPE as shown
in many in vitro studies, through mediators such as NO, PGE2, and
retinoids (Forrester et al., 2008b; see Immunological Properties of
the Eye). However, the microenvironment is altered by mediators
introduced, e.g., viaa disrupted BRB. Cytokines such as [IFNy, gen-
erated systemically during viral infections, can activate RPE cells
to up-regulate immunosuppressive activity via PDL-1 (Ke etal,,
2010) or to produce pro-inflammatory chemokines and cytokines
locally, as well as induce MHC Class II expression on normally
negative RPE (Liversidge etal., 1988, 1994; Mesri et al., 1994) and
endothelial cells. Secretion of IL-6 by RPE cells in an environment
richin TGFB, may be sufficient to convert CD4 " Tregs to Th17 cells
and completely alter the immunosuppressive microenvironment
to a pro-inflammatory one (Crane etal., 1999).

BREACHES OF PRIVILEGE

Immune privilege comes at a cost — if the privileged status of the
eye is compromised, the ensuing disease can be devastating (Caspi,
2006; Forrester etal., 2008b). Several ocular conditions occur in
which IP fails.

NON-INFECTIOUS INTRAOCULAR INFLAMMATION (UVEITIS)

Uveitis is a common disease (Darrell etal., 1962; Gritz and Wong,
2004; Williams et al., 2007) and comes in several varieties (Box 1).
Direct infectious uveitis is less common while non-infectious
uveitis is presumed to be (auto)immune in character. Despite
their low expression on ocular cells, certain forms of uveitis
have strong links with MHC Class I antigens (HLA B27: acute
anterior uveitis; HLA B51: Behcet’s disease; HLA A29: birdshot
retinochoroiditis; Levinson, 2007). Acute anterior uveitis may
be self-limiting, which has been attributed to Fas/FasL-induced
T cell apoptosis, demonstrating IP in action in human disease
(Dick etal., 1999).

Non-infectious uveitis is CD41 T cell-mediated (Thl and
Th17) in humans and mice (Amadi-Obi et al., 2007; Caspi, 2010).
Ocular tissues contain many potential autoantigenic targets, espe-
cially retina, apparently sequestered from the immune system
(Gregerson etal., 2009). Consequently, escape of antigen dur-
ing damage (trauma, infection, inherited degenerations) is one
route to activate rare autoreactive T cells in the periphery (Caspi,
2010). However, most uveitis occurs in virgin tissue, raising the

question: how do activated T cells cross the BRB? Systemic sig-
nals, from chemokines and other molecules, appear to “pre-
pare the way” across the endothelium (Xu etal., 2004, 2008;
Crane etal., 2006).

“Systemic signals” generated during infections, involving mech-
anisms such as molecular mimicry and bystander activation
(Benoist and Mathis, 2001; Ji etal., 2010), do not disguise the fact
that, once activated, antigen-specific T cells enter the retina and
cornea with as much ease as into any tissue, accumulate in situ, and
attract pro-inflammatory macrophages which cause tissue damage
(Forrester etal., 1998). In EAU, inflammation declines inversely
with an increase in CD41tCD25% FoxP3 Tregs, which accumulate
and promote resolution. However, EAU in the C57/BL6 mouse
does not completely resolve but persists with a macrophage-
mediated choroidoretinal angiogenic response (Chen etal., 2012)
much as occurs in some uncommon human uveitides (PIC, see
Box 1; Atan etal.,, 2011).

Spontaneous models of EAU more closely represent non-
infectious human disease, which occurs without a recognizable
trigger. Limited T cell anergy as well as possible antigen escape
from sequestration (immunological ignorance) have been sug-
gested to underpin breakdown of tolerance in this model (Lambe
etal.,, 2007; Gregerson etal., 2009). Interestingly, early cells enter-
ing the tissues in this model are IL-17-secreting yd-like T cells
(Makinen, 2006), which have been implicated in the early patho-
genesis of conventional IRBP-induced EAU (Nian etal., 2011).
However, y8 T cells may have a regulatory role (Girardi and
Hayday, 2005; Pennington etal., 2005; Nian etal., 2010) as
well as a pathogenic role (Nian etal, 2011) in autoimmune
uveoretinitis.

Immune privilege appears not to afford much protection
against the damaging effects of uveitis possibly because IP works at
thelevel of tissue homeostasis, mainly keeping healthy tissue free of
random migrants which might provoke inflammation. However,
when faced with a serious challenge, IP dismally fails to prevent
severe destruction: in uncontrolled sight-threatening uveitis, both
infection and the immune response to infection, can cause per-
manent structural damage. Therapies such as anti-TNFa disable
the destructive effects of inflammation while permitting harm-
less monocytes to traverse the tissues without causing damage
(reviewed in Khera etal., 2010).

TRANSPLANTATION

Several types of ocular allografts are performed in humans,
including corneal, limbal (stem cells), scleral, and retinal grafts.
However, IP does not protect against allograft rejection: even
artificial corneas constructed from pig collagen, are rejected via
antibody-mediated mechanisms (Liu etal., 2007).

Corneal grafts

Despite a long-established reputation for high rates of acceptance,
long-term corneal graft survival rates actually lag behind vascu-
larized solid-organ grafts (Williams and Coster, 1997). Corneal
grafts in humans are normally performed without tissue match-
ing, and graft acceptance was historically attributed to the absence
of passenger leukocytes. However, as indicated above, corneal
tissue contains both resident MHC Class II™ macrophages and
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peripheral lymphatics (Brissette-Storkus etal., 2002; Sosnova
etal., 2005; Xu etal., 2007a; Ecoiffier etal., 2010). Despite the
presence of MHC Class I and II leukocytes in the donor cornea,
corneal graft rejection occurs at a slower tempo than comparably
unmatched solid-organ allografts indicating a degree of “privi-
lege”; in part this is due to the fact that corneal graft rejection is
mediated via indirect allorecognition, and direct alloresponses do
not contribute to this process (Boisgerault etal., 2009). Corneal
graft rejection thus resembles chronic indirect allorecognition of
vascularized grafts which is also of a considerably slower tempo,
is mediated by CD4 T cells, and is greatly accelerated when innate
immune activation is at high levels, e.g., in cases of infectious
or atopic ocular surface disease, in both of which vasculariza-
tion is prominent (Niederkorn, 2010). CD4 Thl cells are the
main pathogenic T cells which induce corneal allograft rejection,
although recent evidence has implicated Th2 cells; intriguingly
there is a suggestion that IL-17A, whether derived from Th17
cells or from other sources, is necessary for allograft survival
(reviewed in Cunnusamy etal., 2010). The evidence for IP pre-
venting corneal graft rejection is therefore not strong, its main
effect probably being to blunt direct allorecognition. Perhaps the
most intriguing possibility is that the absence of a strong CD8*
T cell cytolytic alloresponse in orthotopic corneal graft rejection
(Boisgerault etal., 2009) may not simply be attributable to low lev-
els of donor MHC antigens, but that donor leukocytes migrating
to the host DLN, arrive there as “privileged” cells from a healthy
thrombospondin (TSP)-, RA-, and TGFp-rich donor immunoreg-
ulatory microenvironment (Saban et al., 2010) and are more liable
to promote tolerance rather than immunity. The balance will be
decided by the level of inflammation and innate immunity at the
site of the graft and thus the degree of surgical manipulation and
associated trauma itself will influence the outcome. In addition,
corneal expression of immunoregulatory molecules such as FasL
and TRAIL help to promote this IP/TCT (Ferguson and Griffith,
2007). One major contributor to the immunoregulatory microen-
vironment appears to be DAF (CD55) expressed by both donor and
host corneal cells (Esposito etal., 2010). However, this is insuffi-
cient to fully prevent the indirect alloresponse, which continues to
fuel the rejection process.

Retinal transplants

Several attempts have been made to transplant retinal tissue
(Anosova etal., 2001) or cells (photoreceptor cells, West etal.,
2010; Gust and Reh, 2011; RPE cells, Tezel etal., 2007) to
repair damaged or degenerating retina (West etal., 2009), but
only occasionally has survival and, importantly neural inte-
gration, been reported (MacLaren etal., 2006). The erroneous
notion that ocular IP will promote acceptance of such grafts
has been exposed by the need for immunosuppression to assist
graft acceptance (West etal., 2010). Very recently, photoreceptor
transplantation, neural integration, and even evidence of visual
function in mice have been demonstrated, indicating the feasi-
bility of such an approach although information on the duration
of survival of the photoreceptors was not detailed (Pearson et al.,
2012). In a similar study, photoreceptor survival was found to
extend for 4 weeks after which there was progressive apoptosis
of the grafted cells in the absence of significant inflammation.

Survival could be extended by prior transfection of the pre-
cursor photoreceptor cells with XIAP, an anti-apoptotic gene (Yao
etal., 2011).

Intraocular stem cell transplants have been used to encourage
retinal cell differentiation in the appropriate microenvironment,
but also to capitalize on the immunosuppressive properties of
certain cells, such as mesenchymal stem cells (MSCs). It is too
early to decide whether these approaches are fanciful, but systemic
immunosuppression is required to delay rejection of such grafts
even for a short time, and accepted grafts do not appear to integrate
with retinal neuronal circuits (Hill et al., 2009; West et al., 2010).

OCULAR INFECTIONS: LESSONS LEARNT FROM AIDS

Infectious uveitis is unusual in the absence of systemic immun-
odeficiency. Many infectious organisms such as Toxoplasma gondii
and herpes simplex virus, reside latently in privileged sites such
as the eye and brain (Kinchington etal., 2012); however, the rel-
ative sanctuary provided by these sites is still under some degree
of systemic immune control since it is not until the CD4 T cell is
disabled, as in untreated AIDS patients, that these organisms can
“reactivate” and replicate, thereby causing severe damage (Scholz
etal., 2003). Organisms include toxoplasma, mycobacteria, pneu-
mocystis, candida, and other fungi, and several herpes viruses
such as CMV, HSV, and HTLV-1. Such organisms survive and
persist but “hide” from the immune system by hijacking privilege
(Jones etal., 20065 Lepisto etal., 2007). Interestingly, the new phe-
nomenon of “immune recovery uveitis” in HAART-treated AIDS
patients indicates that once the eye’s guard is lowered, it is sus-
ceptible to immune-mediated damage (Jabs, 2011), thus revealing
that the privileged status of the eye is an active process requir-
ing continued maintenance. Immune-mediated damage in these
circumstances can also be the result of reactivated infection, thus
complicating the issue further (Moorthy etal., 2012).

These developments in the context of AIDS have rele-
vance for non-AIDS-associated infectious uveitis in immuno-
competent patients. For instance much of the sight-threatening
effects of infectious disease (including the full panoply of viral,
(myco)bacterial, parasitic, and fungal infections such as trachoma,
onchocerca, toxoplasmosis, herpes stromal keratitis in which there
can be extensive tissue damage), is caused by a robust or even
exaggerated immune response. Thus although the host survives,
blindness may be the cost. The corollary is also true, as evidenced
by the failure of IP in an aging immune system to protect against
the re-awakening of latent infectious disease, much of which was
contracted in the neonatal and early childhood years. Interestingly,
those rare fatal cases of CNS HSV infection in children appear to be
linked to a mutation in TLR3, providing an example from Nature
in which defective innate immunity tips the balance in this precar-
ious struggle between immunity and infection (Zhang et al., 2007;
Guo etal., 2011).

PRIVILEGE IN THE BALANCE — PARA-INFLAMMATION

It is clear from the above that ocular IP is a finely judged act which
can readily tip. This applies to many physiological processes and
Medzhitov (2008) described it neatly as para-inflammation when
considering the body’s response to predictable perturbations such
as aging.
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DEGENERATIVE RETINAL DISEASE AND THE OCULAR IMMUNE
RESPONSE

Removal of dead and dying cells is homeostatic tissue husbandry.
Ferguson has championed this process to explain systemic tol-
erance induced after io injection of antigen, and regards it as a
general phenomenon (Ferguson and Griffith, 2007; Griffith etal.,
2011). Dead-cell scavenging occurs throughout life, and depends
on innate immune mechanisms involving resident macrophage
and parenchymal cell activity. AMD is considered a disease
in which para-inflammatory mechanisms fail either for genetic
(defects in complement genes) or environmental (smoking, diet,
metabolic disturbance) or even chronic infective (chlamydia,
HSV) reasons (reviewed in Xu etal., 2009). AMD is character-
ized by the accumulation of waste products (drusen) presumably
from retinal photoreceptor cells, both inside (increased lipofuscin
accumulation) and below the RPE cell (Figure 4A), in part due to
impaired complement Factor H binding to sulfated glycosamino-
glycans (Clark etal., 2010). Resident F4/80% macrophages and
DCs in the sub-RPE/choroid (Figure 1) assist in clearing drusen
(Forrester etal., 2010); however, when drusen accumulate, there
is deposition of complement components and other acute phase
proteins, leading to a low grade pro-inflammatory macrophage
response and eventual subretinal neovascularization (Skeie and
Mullins, 2009; Figure 4B). RPE cells normally produce anti-
angiogenic factors (pigment epithelial cell-derived factor, PEDF
and TSP), but can switch to produce pro-inflammatory fac-
tors such as VEGF, which promote wet AMD (Ablonczy etal,
2009). Prior to this (aberrant) reparative angiogenic response
however, chronic age-related degenerative changes in the RPE
occur and atrophic (Guo etal., 2011) AMD ensues, possibly as
a consequence of a defect in intracellular microRNA regula-
tion via DICER1 (Kaneko etal., 2011). In fact recent evidence
suggests that whether AMD develops as the dry or wet form
reflects how the “privileged” retina responds to specific media-
tors. In dry AMD, DICER appears to act via induction of the
inflammasome through NLRP3 and secretion of IL-18, leading to
RPE cell death, the hallmark of geographic atrophy or dry AMD
(Tarallo etal., 2012). In contrast, cells which phagocytose drusen,
the characteristic waste product produced by the RPE cell, also
secrete increased amounts of IL-18 again through NLRP-mediated
activation of the inflammasome, but under these circumstances
IL-18 may protect against retinal angiogenic responses, the hall-
mark of wet AMD and the obverse of geographic atrophy (Doyle
etal.,, 2012). Thus it appears, in this specific instance, that IL-
18, which is constitutively produced by the RPE cell (Jiang etal.,
2001), acts as a regulator of RPE function and determines whether
the RPE cell succumbs to aging stress (para-inflammation) and
dies (geographic atrophy) while attempting to prevent an angio-
genic response to an increasing age-related pro-inflammatory
microenvironment.

The angiogenic response in AMD is similar to other intraoc-
ular angiogenic responses such as the neovascular membranes
which occur in low grade chronic uveitis, and may be promoted
by arginase™ macrophages, as opposed to immunoregulatory
(F4/80™) macrophages associated with IP. Thus IP can be breached
not only by severe overwhelming inflammatory disease, but
by chronic, low grade angiogenesis-associated inflammation as

in chronic uveitis and AMD. Moreover, pathological subreti-
nal neovascularization can be reversed by utilizing IP-promoting
properties of FasL (Roychoudhury etal., 2010) and it may also
be true that IL-18 produced by the RPE is a further IP-associated
mediator of a constitutive anti-angiogenic response (Jiang etal.,
2001; Doyle etal., 2012).

Thus there is a spectrum of responses from homeostasis and
health (intact IP) through aging and chronic disease (disabled IP)
to fulminant (infectious) retinal necrosis (absent IP). Much of this
activity is considered “auto-inflammatory” involving activation
of innate immune receptors on various subsets of macrophages,
but an adaptive immune response in AMD, involving lipid or
proteolipid antigen and CDla may also contribute to AMD-like
disease (Hollyfield et al., 2008). This has implications for potential
stem cell therapies currently being mooted for treatment of inher-
ited retinal disease, and even AMD, since the assumption that IP
protects intraocular stem cell inocula from scrutiny by the immune
system is clearly not true. As discussed below for glaucoma, the
ultimate test of an immunological basis for AMD will depend
on whether an immunologically based therapy will modify the
disease.

GLAUCOMA AND RETINAL NERVE DAMAGE

Chronic open angle glaucoma is a disease where cellular waste
accumulates in the trabecular meshwork (aqueous drainage path-
way, Figure 1) and may initiate an inflammatory response (Wax,
2011). While the evidence for this is scanty, the outcome of
glaucoma is neuroretinal damage which, when mediated by the
amino acid glutamate, is accompanied by a prominent inflam-
matory response. Remarkably, however, the retinal response to
glutamate damage appears to be one of enhanced neuroprotec-
tion mediated by recruitment of myeloid-derived suppressor cells
(MDSCs) (London etal., 2011). Indeed glutamate has been shown
to have IP properties at least in the brain (Fallarino etal., 2010;
Hansen and Caspi, 2010). There is a need for good experimen-
tal models of glaucoma which truly reflect the human disease. A
popular current model involves thermal or hypertonic occlusion
of episcleral veins, thus preventing aqueous drainage. The associ-
ated raised intraocular pressure leads to ganglion cell damage in
which activated CD200R™ retinal microglia are implicated (Taylor
etal., 2011).

In addition to the need for a suitable model of experimental
glaucoma which would reflect the human disease, the com-
plex role of IP-mediating factors is revealed. In a spontaneous
model of glaucoma, the absence of sFasL, which is a cleavage
product of membrane bound FasL, was shown to be associated
with increased retinal ganglion cell death while administration of
sFasL to the same mice, protected them from damage (Gregory
etal., 2011).

The evidence for involvement of the immune system in glau-
coma is tenuous but suggestive. Numerous studies in humans both
of systemic factors and of ocular tissue obtained from patients,
show several features such as potential serum indicators of dis-
ease as well as signs of innate immune activation of glial cells
with increased expression of MHC class II and other activa-
tion markers (reviewed in Tezel, 2011). However, whether this is
genuine evidence for an adaptive immune response in glaucoma,

Frontiers in Immunology | Immunological Tolerance

November 2012 | Volume 3 | Article 338 | 15


http://www.frontiersin.org/Immunological_Tolerance/
http://www.frontiersin.org/Immunological_Tolerance/archive

Forrester and Xu

Risk of ocular immune privilege

Dying
Photoreceptors

Dying
RPE

Fibroblasts

Macrophages

\__/

Drusen

Dying
Photoreceptors

RPE

Atrophic RPE

Drusen

FIGURE 4 | Age-related macular degeneration (AMD) occurs in two
forms: dry, atrophic damage to the retinal photoreceptor and RPE cells
with chronic progressive loss of visual acuity; and wet AMD in which
new vessels originating from the choroidal layer, penetrate the
basement membrane of the RPE cells and leak fluid or blood into the

Choriocapillaris
(Choroid)

Subretinal Oedema

Macrophages

subretinal space with rapid loss of vision. (A) Diagram of dry AMD
showing drusen under the RPE layer, and extensive atrophic damage to RPE
cells. (B) Diagram of wet AMD showing in-growth of new blood vessels into
the subretinal space, causing extensive destruction of RPE and photoreceptor
layers.

or simply an up-regulated innate immune response to damage
as occurs in para-inflammation, is a moot point. As for AMD,
the test will come when an immunologically based therapy shows
an effective protection against the progressive vision-destroying
consequences of glaucoma.

DIABETIC RETINOPATHY

Diabetic retinopathy (DR) is the fourth commonest cause of
world-wide blindness, potentially increasing as the epidemic of
diabetes expands (Suttorp-Schulten and Rothova, 1996). DR is
a microvascular endotheliopathy, affecting small capillaries and
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post-capillary venules leading to occlusion and expanding areas
of retinal ischemia (Grant etal., 2004; Busik etal., 2009; Bhat-
wadekar etal., 2010). Like aging, diabetes leads to increasing levels
of intravascular leukocyte activation and adhesion, contributing
to capillary occlusion (MacKinnon etal., 2004). This probably
involves platelet—-monocyte interactions (Ogata etal., 2006) since
there is evidence that CCR5TCD11b™ monocytes are the cul-
prit leukocytes (Serra etal., 2012). Trapped monocytes, as well
as activated retinal microglial and other retinal cells are sources
of VEGF driven by HIFla (Wang etal., 2010; You etal., 2010),
and activate retinal angiogenesis, producing the vision-destroying
late disease, proliferative DR (PDR). Thus, drugs such as statins
act not only on metabolic lipid pathways (Klein, 2010) but also
as inhibitors of leukocyte adhesion to ameliorate or delay dis-
ease (Greenwood and Mason, 2007) which has been confirmed in
a model of DR (Serra etal., 2012). The ocular pathology is not
specific but reflects a general process, also affecting kidneys and
peripheral nerves; indeed direct effects on bone marrow-derived
hemopoietic stem cell precursors accounts for the poor overall
wound healing response in diabetes (Busik etal., 2009). PDR in
fact represents a last-ditch but misguided attempt by the retina to
repair itself.

An interesting convergence of dysregulated metabolism and
activation of immune cells has emerged through the discovery of
the succinate receptor (SUCNRI; reviewed in Ariza etal., 2012)
which is likely to impact on the pathogenesis of diabetes and its
complications. Succinate is a normal metabolite involved in the
citric acid cycle and, in times of stress, accumulates in the mito-
chondria and finds its way to the extracellular space through a
series of transporters and porins in the various cell membranes.
Extracellular succinate levels above a certain concentration acti-
vate SUCNRI on immature DCs and macrophages and lead to
induction of the inflammasome via accumulation of HIF1a even
in normoxic conditions (Wen etal., 2012).

The SUCNRI receptor is expressed in the retina, specifically
in the retinal ganglion cells and in the RPE cells and has been
identified as having a major role in angiogenesis in the develop-
ing retina and also possibly in the retinal ischemia associated with
DR (Sapieha etal., 2008). The role of immune cells, particularly
inflammatory macrophages in retinal angiogenesis is well-known
(Chen etal., 2012) and the possibility that succinate may facil-
itate, if not drive, theses responses in pathological conditions
such as diabetes and perhaps in inflammation generally is an
intriguing one.

WHEN PRIVILEGE IS DANGEROUS

Immune privilege allows the eye “to keep a clean house,” but may
compromise survival of the host, for instance through unchecked
growth of tumors or through uncontrolled viral replication in
the CNS.

INTRAOCULAR MELANOMA

The commonest primary tumor of the eye is melanoma but tumor
growth is slower than in other tissues and the risk of tumor spread
is less; ocular melanoma occurs in older patients and late metas-
tases are commoner than in cutaneous melanoma (Kujala etal.,
2003; Rigel etal., 2010). The mode of spread in part determines

metastatic risk, ocular melanoma spread being predominantly
hematogenous, while cutaneous melanoma risk is determined
by local invasive depth (Rigel etal., 2010). Unchecked growth
of non-ocular tumors correlates with immune suppression, also
described as a form of IP (Kandalaft etal., 2010), and ascribed
in ocular tumors to tumor-infiltrating Tregs (Mougiakakos etal.,
2010). IP-related mechanisms may not only allow active growth of
allogeneic tumors grafted intraocularly, but eventually facilitates
tumor metastasis, leading to death (Niederkorn, 1997). However,
experimental models of intraocular tumors do not precisely mir-
ror the condition in humans, in particular by the important fact
that the experiment necessarily requires breakdown of the ocu-
lar barrier which is the critical factor determining metastases in
humans. Despite or perhaps in the light of this caveat, it is some-
what surprising that intraocular melanomas in humans fail to
grow as rapidly as skin melanomas. The behavior of intraocu-
lar tumors is related to the density of intratumoral macrophages
(reviewed in Jager etal., 2011) and depends on their type and
angiogenic properties: ocular melanoma pathogenicity is predi-
cated on its vascularity both clinically and experimentally (Foss
etal.,, 1996; McKenna and Kapp, 2006) while removal of M2-
type macrophages almost completely prevents tumor growth (Ly
etal., 2010). It is interesting that IP of non-ocular tumors is also
attributed to vascularity and to VEGF expression (Kandalaft et al.,
2010). In addition, intratumoral macrophages may belong to
the myeloid-derived suppressor cells (MDSCs) variety (Natara-
jan and Thomson, 2010; Bronkhorst etal., 2011; Chioda etal.,
2011) and directly suppress anti-tumor T cell responses. These
tumor-IP related cells have been identified in the spleen as GM-
CSF-dependent, CD11bTGr1'/" myeloid cells (Dolcetti etal.,
2010; Ugel etal., 2012) and it is interesting to speculate whether
they are equivalent to the spleen F4/80" macrophages identified
as potential mediators of ocular IP (see above). In contrast, in
other ocular tumors, at least experimentally, pro-inflammatory
macrophages promote tumor regression (McKenna and Chen,
2010) and are recruited from a population of CD11b+CDI15%
granulocytic cells in the circulation (McKenna etal., 2009). How-
ever, these cells are associated with Treg induction and their
precise role is unclear. Interestingly, Tregs in some non-ocular
tumors may have a beneficial effect by regulating MDSCs, reveal-
ing the complexity of cellular interactions within the tumor
microenvironment (Zhang etal., 2010). The “privileged” tumor
microenvironment may actually co-operate with ocular IP. How-
ever, while a synergistic “immunoregulatory” double-dose of IP
may be operative, tumor IP and ocular IP may alternatively cancel
each other out, allowing either an uncontrolled profound pro-
inflammatory immune response, with spontaneous regression of
the tumor and severe collateral intraocular inflammation, or a
super-suppressed, profoundly anergic anti-tumor response with
metastases and rapid extraocular spread (i.e., a failure of response).
The former isless likely than the latter but is well-documented clin-
ically and experimentally (Knisely and Niederkorn, 1990; Shields
etal.,, 1999). In addition, several mechanisms exist for tumor
rejection or evasion by the immune system. In one series of
experiments, rejection of tumors in the mouse anterior cham-
ber of the eye was dependent on CD4" T cells and TRAIL, the
same molecule which is considered to underpin ocular IP-related
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systemic immune tolerance (see above; Wang etal., 2003). A fur-
ther regulatory element in IP-mediated growth of intraocular
tumors is via the sympathetic nervous system which in one exper-
iment was seen to be closely linked to intraocular production of
TGEB (Vega etal., 2009).

Not all intraocular tumors behave similarly even when derived
from similar cells: many follow the pattern of growth underpinned
by privileged immunity while others are rejected. Recently it has
been shown that a specific tumor in mice, Ad5El can follow
two patterns of rejection one of which involves severe rejection
and tumor necrosis mediated by IFNy with severe destructive
bystander damage to the eye which is dependent on TNFa, while
the second pattern also leads to tumor rejection but there is mini-
mal ocular damage. In the latter case, tumor killing was mediated
by an arginase™ population of macrophages (Coursey etal., 2012).
Thus direct killing via CTLs or by different subsets of macrophages
appears to determine the outcome both for the tumor and for the
eye (for review, see McKenna and Chen, 2010). Similar cellular
diversity has been found in intraocular melanomas in humans
(Bronkhorst etal., 2012).

It can be seen from this discussion that the immune response
to ocular tumors hangs in the balance, as does the survival of
the host. This precarious condition is dictated by the strength
of the ocular IP effect vs the desirable but impaired, anti-tumor
response. For tumors arising in the eye such as melanoma, the
combined effect of these “privileged” responses is beneficial both
to the eye and the host provided the tumor is contained within the
eye, but once it breaks free the desired systemic immune response
is inadequate to control the tumor with fatal consequences in many
cases.

PRIMARY INTRAOCULAR LYMPHOMA

The eye contains few B and T cells outside the vasculature, occa-
sional cells passing through the fenestrated walls of the uveal
vessels (Figure 1). Primary intraocular lymphoma is grouped with
CNSlymphoma, a rare extra-nodal variant of non-Hodgkin’s lym-
phoma (Algazi etal., 2009) arising from post-germinal center B
cells (Coupland etal., 2009) and occurs by seeding of privileged
sites by hemopoietic progenitor cells after variable lineage dif-
ferentiation. The precise location of the lymphoma predicts its
behavior with retinal lymphomas being aggressive and choroidal
lymphomas being more “indolent,” while iris and ciliary body lym-
phomas are very rare (Coupland and Damato, 2008; Mashayekhi
etal., 2012). This behavior may reflect the relative IP status of the
tissue, retina being likely to posses greater privilege than choroid,
perhaps determined by specific subsets of resident myeloid cells
(see Cells and Tissues).

Primary intraocular tumors may represent one aspect of “an
experiment of Nature.” The paradoxically beneficial effect of Treg
cells (see above) in some tumors of the head and neck is clearly
demonstrated by the development of tertiary lymphoid structures
(TLS) surrounding the tumor. TLS express intense immunoreg-
ulatory activity directed toward reducing chronic inflammation,
a recognized poor prognostic sign, and have been likened to sites
of induced IP. Constitutive IP in the eye may behave like a “TLS”
to protect the host in cases of intraocular lymphomas but is a
dangerous strategy (Fridman etal., 2010).

However, due to the rarity of primary intraocular lymphoma,
their biology is poorly understood and animal models have not
been very informative so far, thus the call for multicenter studies
to investigate these tumors is timely (Chan etal., 2011).

CANCER-ASSOCIATED RETINOPATHY AND THE PARA-NEOPLASTIC
SYNDROME

Another experiment of Nature is revealed by cancer-associated
retinopathy (CAR). Retinal antigens aberrantly expressed in
extra-ocular tumors induce serum antibodies and T cell responses,
invoking a para-neoplastic syndrome of progressive retinal
degeneration and eventual blindness (Bazhin etal., 2007). Early
studies revealed that antigens such as the photoreceptor visual
cycle regulatory protein, recoverin, were responsible and many fur-
ther retinal antigens including the potent autoantigen, IRBP (see
above) have been implicated (Bianciotto etal., 2010). These obser-
vations spawned more intense investigations into (auto)immune-
mediated causes of common retinal degenerations such as AMD,
and prompted much of the immunological studies which came in
the wake of knowledge concerning the role of innate immune
genes such as complement. Interestingly, an alternative the-
ory involving secretion of VEGF by the tumor and expression
of VEGFRI by retinal neural and vascular cells has been pro-
posed to explain CAR syndrome which involves specifically
loss of pericytes and increased retinal vascular leakage (Cao and
Cao, 2010).

Cancer-associated retinopathy also provides insight into the
nature of ocular IP and supports the notion of immunological
ignorance (antigen sequestration) as one form of IP. However,
the discussion above clearly shows that “all roads lead to Rome”
and that ocular IP, just like immunological tolerance gener-
ally, is subject to many checkpoints. It is not intrinsically dift-
erent from other forms of immune tolerance (Matzinger and
Kamala, 2011).

CONCLUSION

Immune regulation/tolerance induction occurs primarily via cen-
tral and peripheral mechanisms. However, there is an evolving
understanding that the target tissue and its microenvironment
can also modify the immune response (Matzinger and Kamala,
2011) and how this develops depends on the nature and prop-
erties of the tissue. The eye provides an excellent paradigm for
the concept of tissue regulation of immune responses and how
the same “danger signals” might not be recognized in the eye
as they are, for instance, in the lung or skin. Thus, the violent
immune response to toxoplasma in the gut is much more subdued
in the eye, giving the parasite time to sequester itself from the
patrolling killer immune cells. However, the process is not failsafe
and when it fails, it fails gloriously, with irreparable damage to
ocular structures and loss of sight (e.g., HSV-induced acute retinal
necrosis).

The ocular immune response encapsulates the full range of
classical and non-classical immune responses and demonstrates
many features which are reflected in other tissues, but eye tissues by
modifying these responses reveal unexpected and novel features,
which are relevant to immune responses generally. In addition,
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IP involves many recognized immunoregulatory processes, includ-
ing induction of Tregs, and is inducible and transferable. This
has therapeutic potential, particularly for devising ways to restore
tolerance in ocular inflammatory disease, and for preventing
rejection of cells and tissues, such as stem cells, currently being
considered for treatment of world-wide blinding diseases such

as AMD.
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Evidence of immune privilege in the eye was recorded almost 140 years ago, yet interest
in immune privilege languished for almost a century. However, the past 35 years have wit-
nessed a plethora of research and a rekindled interest in the mechanisms responsible for
immune privilege in the anterior chamber of the eye. This research has demonstrated that
multiple anatomical, structural, physiological, and immunoregulatory processes contribute
to immune privilege and remind us of the enormous complexity of this phenomenon. It is
widely accepted that immune privilege is an adaptation for reducing the risk of immune-
mediated inflammation in organs such as the eye and brain whose tissues have a limited
capacity to regenerate. Recent findings suggest that immune privilege also occurs in sites
where stem cells reside and raise the possibility that immune privilege is also designed to
prevent the unwitting elimination of stem cells by immune-mediated inflammation at these
sites. Uveal melanoma arises within the eye and as such, benefits from ocular immune priv-
ilege. A significant body of research reveals an intriguing parallel between the mechanisms
that contribute to immune privilege in the eye and those strategies used by uveal melanoma
cells to evade immune elimination once they have disseminated from the eye and establish
metastatic foci in the liver. Uveal melanoma metastases seem to have “plagiarized” the
blueprints used for ocular immune privilege to create “ad hoc immune privileged sites” in

the liver.

Keywords: anterior chamber, eye, immune privilege, stem cells, uveal melanoma

INTRODUCTION

The roots of immune privilege reach back two centuries to an
observation made by the Dutch ophthalmologist van Dooremaal
(1873). In an attempt to identify the etiology of cataracts van
Dooremaal inserted a variety of foreign objects and tissues into
the eyes of rabbits and dogs. Although he failed to discover the
cause of cataracts, he observed a significant prolongation in the
survival of mouse skin grafts placed into the anterior chamber
(AC) of the dog eye (van Dooremaal, 1873). Another 75 years
would pass before Medawar “rediscovered” the prolonged sur-
vival of foreign tissue grafts placed into the AC of rabbits and
coined the term “immune privilege” to describe this phenomenon
(Medawar, 1948). Medawar concluded that the apparent absence
of lymphatic drainage from the AC resulted in a sequestration
of antigens in the eye resulting in a condition that contempo-
rary immunologists might call “immunological ignorance.” The
late 1970s ushered in a new era in immune privilege research
that was led by Streilein and colleagues who made the remark-
able observation that antigens introduced into the AC of the eye
not only gained access to the peripheral lymphoid tissues, but
in the process, induced a systemic down regulation of antigen-
specific cell-mediated immunity (Kaplan et al., 1975; Kaplan and
Streilein, 1977, 1978). This immunoregulatory phenomenon was
termed AC-associated immune deviation (ACAID; Streilein and
Niederkorn, 1981). The discovery of ACAID kindled a renewed
interest in immune privilege research that has led to numerous

insights over the past 35 years. This body of work has revealed that
immune privilege is the product of multiple anatomical, physi-
ological, and immunoregulatory processes that share a common
feature — restriction of immune inflammation in an organ whose
tissues have a severely limited capacity to regenerate.

In addition to the AC of the eye, there are other notable immune
privileged sites in the body including the testis, hair follicle, pla-
centa, and brain. The eye is part of the brain, both anatomically and
embryologically, and like the brain, has a severely limited capacity
to regenerate its tissues. Thus, immune privilege is believed to be an
adaptation to protect the eye and the brain from injury inflicted
by immune-mediated inflammation. By contrast, the testis, hair
follicle, and placenta are sites where stem cells reside. Protecting
stem cells from immune-mediated elimination has obvious sur-
vival benefits for the host and in the case of the placenta, for the
survival of the species. It is noteworthy that many of the mecha-
nisms that sustain immune privilege in the central nervous system
(i.e., eye and brain) are also employed in sites where stem cells
reside (e.g., testis, hair follicle, and placenta) and by stem cells
themselves (Arck et al., 1997; Moffett-King, 2002; Aluvihare et al.,
2004, 2005; Niederkorn, 2006; Robertson et al., 2007; Fujisaki et al.,
2011; Kinori et al., 2011; Meinhardt and Hedger, 2011; Mital et al.,
2011).

The immune system is functionally divided into two basic com-
ponents: (a) innate immunity and (b) adaptive immunity. The
innate immune response is characterized by its rapid activation
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and its conspicuous absence of antigen specificity and memory.
Components of the innate immune apparatus include natural
killer (NK) cells, macrophages, granulocytes, and the alterna-
tive pathway for complement activation. Elements of the innate
immune response serve as “first responders” to infections and pro-
vide a nimble, albeit limited level of protection, which is replaced
by the adaptive immune response. The adaptive immune system
is characterized by its exquisite antigen specificity and memory.
Although slower to develop, the adaptive immune response pro-
vides a comprehensive protection that persists longer than the
innate immune response and possesses memory that allows for
a rapid reactivation to future encounters with pathogens. Both
innate and adaptive immune responses are capable of inflicting
irreparable injury to ocular tissues and stem cells.

IMMUNE PRIVILEGE AND THE INNATE IMMUNE RESPONSE
Innate immune responses have the potential to inflict significant
irreparable damage to the eye. Granulocytes and macrophages
elaborate a variety of proteases and reactive oxygen species (ROS)
that are known to damage innocent bystander cells. However, the
aqueous humor (AH) that fills the AC is endowed with a variety of
anti-inflammatory and immunosuppressive cytokines, as well as
free radical scavengers that buffer or neutralize proinflammatory
cytokines and ROS (Taylor, 2007). Moreover, AH contains factors
that induce apoptosis of neutrophils and macrophages (D’Orazio
et al,, 1999). The complement cascade can be activated through
the alternative pathway through exposure to bacterial products and
under such conditions it functions as a component of the innate
immune system. Complement activation culminates in the gener-
ation of a membrane attack complex (MAC) that punches holes in
the plasma membrane, which leads to osmotic lysis of both bacte-
rial and mammalian cells. Activation of the complement cascade
also generates soluble factors that recruit and activate neutrophils.
However, injury inflicted by complement activation is minimized
by complement regulatory proteins (CRPs) that are present in the
AH and that also decorate the membranes of cells lining the AC
(Lass et al., 1990; Bora et al., 1993; Goslings et al., 1996, 1998; Sohn
et al., 2000a).

Natural killer cells are members of the innate immune system
and are believed to protect against viral infections and neoplasms
while the adaptive immune response is still being generated. Cyto-
toxic T lymphocytes (CTLs) are important elements of the adap-
tive immune response to viral infections and neoplasms. CTLs
recognize viral antigens and tumor antigens that are displayed
on major histocompatibility complex (MHC) class I molecules.
MHC class I molecules act as the “docking station” that facilitates
the binding and cytolytic activity of CTLs. However, to evade CTL-
mediated killing many tumors and viruses down-regulate MHC
class I molecules and thereby render the cancer cells and virus-
infected cells invisible to CTLs. To compensate for this evasive
strategy, the immune system enlists the aid of NK cells, which are
programmed to kill any cell failing to express MHC class I mol-
ecules. However, the corneal endothelial cells that line the AC of
the eye and cells in the various layers of the retina express little or
no MHC class I molecules and are therefore potentially vulnerable
to NK cell-mediated cytolysis. Moreover, corneal endothelial cells
and cells of the retina are amitotic and cannot regenerate. However,

the AH contains two cytokines that inhibit NK cell-mediated
cytolytic activity. Macrophage migration inhibitory factor (MIF)
produces an immediate inhibition of NK cell-mediated cytolysis
of corneal endothelial cells (Apte and Niederkorn, 1996). Trans-
forming growth factor-p (TGF-f) also inhibits NK cell-mediated
cytolysis, but does not produce maximal inhibition for 22-24 h
(Apte and Niederkorn, 1996). Thus, the AH is endowed with mol-
ecules that produce both immediate and delayed inhibition of NK
cell activity. In addition to soluble inhibitory factors, the cells lining
the AC express non-classical MHC class Ib molecules such as HLA-
E in humans and Qa-2 in mice, which can transmit “off” signals
to NK cells (Niederkorn et al., 1999; Le Discorde et al., 2003). The
importance of intraocular inhibition of NK cell activity was con-
firmed in studies in which NK-sensitive human uveal melanoma
cells were transplanted either subcutaneously (SC) or into the AC
of nude mice. Although nude mice lack a functional T cell reper-
toire, they display potent NK cell activity. Human uveal melanoma
cells were briskly rejected by an NK cell-dependent process when
they were transplanted SC in nude mice, but grew progressively in
the eyes, even at doses that were 50-times lower than the doses that
were rejected following SC transplantation (Apte et al., 1997).

Immune privilege of innate immune responses is also present
in sites where stem cells reside such as the hair follicle, placenta,
and testis. MIF is expressed in the hair follicle (Ito et al., 2008),
Leydig cells of the testis (Meinhardt et al., 1996; Okuma et al.,
2005), and in the placenta (Vigano et al., 2007). Moreover, there
is a close association between reduced MIF in the hair follicle and
the development of alopecia areata, an autoimmune disease of the
skin (Ito et al., 2008). MIF produced by human decidual cells of
the uterus inhibits the cytolytic activity of uterine NK cells and is
believed to contribute to the immune privilege of the allogeneic
fetus (Arcuri et al., 2006; Vigano et al., 2007). As mentioned ear-
lier, non-classical class Ib MHC molecules are expressed in the eye
and are believed to be important inhibitors of NK cell-mediated
cytolysis. It is noteworthy that non-classical class Ib molecules
are also expressed in the testis (Slukvin et al., 1999; Ryan et al.,
2002) and in the placenta (Kovats et al., 1990; Ishitani and Ger-
aghty, 1992; Rouas-Freiss et al., 1997, 1999). Thus, both soluble
and cell membrane-bound molecules that inhibit innate immune
responses are expressed in both the eye and in sites where stem
cells reside (Table 1).

IMMUNE PRIVILEGE AND THE ADAPTIVE IMMUNE
RESPONSE

The adaptive immune response is characterized by exquisite anti-
gen specificity and memory. T cells and antibodies are the central
players in adaptive immune responses and each has the capacity
to produce injury to the eye. Many of the strategies employed to
buffer injurious innate immune responses in the eye and in sites
of stem cell residence are effective in blocking adaptive immune
responses that have the potential to damage stem cells and ocular
tissues that cannot regenerate.

ANTI-INFLAMMATORY AND IMMUNOSUPPRESSIVE FACTORS

The AH contains at least five factors that inhibit the expression of T
cell-mediated inflammation: (a) TGF-B; (b) a-melanocyte stimu-
lating hormone (a-MSH); (c) vasoactive intestinal peptide (VIP);
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Table 1 | Factors that contribute to immune privilege in the eye and in sites of stem cell residence.

Molecule Mode of action Eye Placenta BM Testis Hair follicle
TGFB Inhibit NK cell activity and promote generation of Tregs Y Y Y Y Y

MIF Inhibit NK cell activity Y Y ? Y Y

MHC class Ib Inhibit NK cell activity Y Y ? Y Y

IDO Deplete tryptophan and induce T cell apoptosis Y Y ? Y Y

FasL Induce apoptosis of T cells Y Y ? Y Y/N

TRAIL Inhibit T cell proliferation Y Y ? ? ?

CRPs Inactivate complement Y Y ? ? ?

PD-L1 (B7-H1) Inhibit T cell proliferation Y ? ? Y ?

Tregs Inhibit T cell immunity Y Y Y Y ?

BM, bone marrow; Y, yes; Y/N, indirect evidence; ?, not determined.

(d) calcitonin gene-related protein (CGRP); and (e) somato-
statin (Granstein et al., 1990; Cousins et al., 1991; Taylor et al.,
1994a,b; Taylor and Yee, 2003). Cells lining the AC also pro-
duce indoleamine dioxygenase (IDO), an enzyme that catabolizes
tryptophan, which is a key amino acid that is necessary for T lym-
phocyte survival (Beutelspacher et al., 2006; Ryu and Kim, 2007).
CRPs are present in the AH and are also expressed on the cell
membranes of many cells lining the interior of the eye. CRPs are
effective in maintaining immunological homeostasis within the
eye. It is believed that a low level of complement activation is
always present in the body, including the eye but under normal
homeostatic conditions, CRPs act to restrain the untoward effects
of complement activation. As evidence in support this, Sohn et al.
(2000b) reported that administration of neutralizing antibody to
CRPs in rats resulted in spontaneous ocular inflammation.

Immune privileged sites in which stem cells reside express many
of the soluble factors that are found in the AH of the eye and
are effective in suppressing adaptive immune responses (Table 1).
TGEF-B is produced by Sertoli cells in the testis (Meinhardt and
Hedger, 2011), in the hair follicle (Kinori et al., 2011), and by the
placenta (Niederkorn, 2006). Moreover, murine embryonic stem
cells (ESCs) themselves upregulate TGF-f2 and create an “ad hoc”
immune privileged niche in the bone marrow (Robertson et al.,
2007). The hair follicle, placenta, and Leydig cells of the testis
elaborate a-MSH, which also suppresses T cell immunity in situ
(Niederkorn, 2006; Kinori et al., 2011; Meinhardt and Hedger,
2011). Although it is not a secreted soluble factor, IDO acts to
locally suppress T cell-mediated inflammation by depleting tryp-
tophan and starving T cells. Interestingly, IDO is present in the
anterior segment of the eye, in Sertoli cells of the testis, and in the
placenta (Mellor et al., 2001; Beutelspacher et al., 2006; Fallarino
et al., 2009).

Whether stem cells themselves contribute to the immune priv-
ilege in sites where they reside or whether they are beneficiaries of
the local immunosuppressive properties of these regions remains
unresolved. Numerous studies have reported that ESCs express
very low levels of MHC class I molecules and virtually no class
IT and enjoy a significant degree of immune privilege (Drukker
et al., 2002, 2006; Li et al., 2004a; Menard et al., 2005; Bonde and
Zavazava, 2006). Moreover, adult stem cells (e.g., either mesenchy-
mal or amniotic origin) themselves display immune privilege
(Uccelli et al., 2008). By contrast, there is equally compelling

evidence that ESCs are not inherently endowed with immune
privilege and can undergo immune rejection (Nussbaum et al.,
2007; Robertson et al., 2007; Chidgey and Boyd, 2008; Swijnen-
burgetal.,2008; Wu et al., 2008). Nonetheless, it is clear that many
of the niches in which stem cells reside are classical immune priv-
ileged sites that provide a milieu that diminishes the likelihood of
inflammation and immune-mediated injury.

CELL MEMBRANE-BOUND MOLECULES

Cells that line the interior of the eye express cell membrane-bound
molecules that either induce apoptosis or inhibit proliferation of
T cells entering the eye. FasL is expressed throughout the eye
and purges activated T cells and neutrophils that enter the eye in
response to viral infections or corneal transplants (Griffith et al.,
1995; Stuart et al., 1997; Yamagami et al., 1997). PD-L1 is another
member of the B7 family of membrane proteins that induce down
regulation of T cell proliferation and cytokine production and
promote apoptosis of inflammatory cells (Dong et al., 2002; Ding
et al., 2005; Saunders et al., 2005; Okazaki and Honjo, 2007). PD-
L1 is expressed in both the mouse and human eye (Hori et al,
2006; Shen et al., 2007; Yang et al., 2009) and is necessary for the
survival of corneal allografts (Hori et al., 2006; Shen et al., 2007).
PD-L1 is upregulated in the eyes of patients with sympathetic
ophthalmia and in ocular cells exposed to the proinflammatory
cytokines such as TNF-a and IFN-vy, which suggests that PD-L1
serves as a buffer for dampening immune-mediated inflamma-
tion of the eye (Yang et al., 2009). Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) is a member of the TNF fam-
ily and is expressed on cells lining the interior of the eye and is
believed to contribute to ocular immune privilege in a manner
similar to that invoked by PD-L1 (Lee et al., 2002; Wang et al.,
2003).

Cell membrane-bound molecules are also expressed in stem
cell niches. FasL is expressed on Sertoli cells of the testis (Bell-
grau et al., 1995) and on the cells of the placenta (Niederkorn,
2006). FasL message is down-regulated in the hair follicles in
patients with the autoimmune disease alopecia areata, which sug-
gests that FasL is involved in maintaining immune privilege in the
hair follicle (Kang et al., 2010). PD-L1 is found on Sertoli cells
of the testis (Dal Secco et al., 2008) and on cells of the placenta
(Petroff et al., 2003; Petroff, 2005; Holets et al., 2009). Thus, there
is an interesting parallel in the mechanisms and molecules that
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sustain immune privilege in the eye and that shield stem cells
from immune-mediated elimination.

DYNAMIC IMMUNOREGULATORY PROCESSES THAT
SUSTAIN IMMUNE PRIVILEGE

In addition to soluble and cell membrane-bound mole-
cules that dampen immune-mediated inflammation, immune
privileged sites are designed to promote the generation of
dynamic immunoregulatory processes that down-regulate adap-
tive immune responses. The seminal studies by Streilein and col-
leagues in the late 1970s introduced the paradigm of ACAID and
the concept that immune privilege was also sustained by regulatory
cells that deflected the adaptive immune response away from effec-
tor mechanisms that imposed extensive injury to collateral tissues.
A plethora of studies have revealed the complex nature of ACAID
and have demonstrated that at least four organ systems contribute
to the generation of ACAID: (a) eye; (b) thymus; (c) spleen, and (d)
sympathetic nervous system (Niederkorn, 2006, 2009; Niederkorn
and Stein-Streilein, 2010). The induction of ACAID is initiated
when antigens are introduced into the AC. Although it was origi-
nally believed that injecting antigens into the AC was tantamount
to an intravenous (IV) injection, which is a well-known method
for inducing immune tolerance (Asherson and Stone, 1965). How-
ever, the eye is not a passive participant in this process and the
immune deviation induced by AC injection of antigens is funda-
mentally different from IV-induced immune deviation (Wilbanks
and Streilein, 1990, 1991; Kosiewicz et al., 1998; Sonoda et al.,
2001). Removal of the eye within 3 days of AC injection of antigen
prevents the induction of ACAID. During this obligatory 3-day
period, it is believed that antigen is captured by F4/80" antigen
presenting cells (APCs), which under the influence of cytokines in
the AH are imprinted to preferentially produce IL-10 and down-
regulate the production of IL-12. The ocular APC emigrate from
the eye to the thymus and spleen. Within the thymus the ocular
APCs evoke the generation of CD4~,CD8™, NK1.1" T cells (NKT
cells), which subsequently emerge from the thymus and migrate to
the spleen via the blood vascular route (Wang et al., 1997, 2001).
Like the eye and spleen, the thymus is an active participant in
the induction of ACAID. Removing the thymus within 3 days of
AC injection of antigen prevents the induction of ACAID (Wang
et al.,, 1997). The sympathetic nervous system is also an active
player in the induction of AC AID, as chemical sympathectomy
prevents the induction of ACAID (Li et al., 2004b). Although it
is not clear how the sympathetic nervous system participates in
the induction of ACAID, it appears that the generation of ocular
F4/80" APCs is not affected by the sympathetic nervous system
(Lietal., 2004b). However, chemical sympathectomy prevents the
generation of thymic NK1.17 T cells and splenic CD8™ T regula-
tory cells (T regs; Li et al., 2004b). A population of F4/80" ocular
APCs is also believed to migrate from the eye to the spleen where
the APCs secrete MIP-2, which attracts CD4™ NKT cells, which in
turn interact with the ocular APCs and secrete RANTES. RANTES
recruits other cells into the marginal zone of the spleen. Within
the marginal zone of the spleen, F4/80" APCs, NKT cells, B cells,
and CD4™" T cells, under the influence of the third component
of complement, collaborate to generate antigen-specific CD8" T
(Figure 1).

Pigmented epithelial cells of the iris and ciliary body line a por-
tion of the AC and exert important immunoregulatory effects. The
ciliary body cells secrete AH, which contains multiple immuno-
suppressive and anti-inflammatory molecules (Taylor et al., 1992,
1994a,b, 1997; Taylor and Yee, 2003; Taylor, 2007). In addition
to secreting AH, iris and ciliary body cells directly suppress T
lymphocyte proliferation and block production of IFN-y by a
contact-dependent process that is independent of the AH-borne
soluble factors (Yoshida et al., 2000a). In vitro studies have shown
that T lymphocytes co-cultured with iris and ciliary body cells
acquire Treg activity that inhibits T lymphocyte proliferation and
antigen-specific DTH (Yoshida et al., 2000b). The in situ genera-
tion of T regs requires direct contact between T lymphocytes and
the iris and ciliary body cells. The locally generated T regs suppress
inflammation by secreting active and latent forms of TGF-B. The
only blood vessels in the anterior segment of the eye reside in the
iris and ciliary body. Thus, inflammatory cells such as T lympho-
cytes that enter the AC of the eye extravasate via the iris and ciliary
body blood vessels and as a result are in direct contact with the
pigmented cells of the iris and ciliary body and thus, are subject
to in situ induction of T reg activity. The in situ-generated T regs
greet subsequent waves of inflammatory cells that enter the ACand
impose their suppressive effects to further dampen inflammation
in the AC.

The AC possesses a second pathway for the in situ generation
of T regs. Soluble factors in the AH, namely a-MSH, can convert
T lymphocytes into CD4+tCD25" T regs that suppress DTH and
extinguish immune-mediated inflammation such as experimental
autoimmune uveitis (EAU; Nishida and Taylor, 1999; Taylor and
Namba, 2001; Namba et al., 2002).

Local induction of T reg activity also occurs in sites where
stem cells reside. The allogeneic fetus confronts the mother with
alien histocompatibility antigens of paternal origin and thus, is
at considerable risk for immune rejection. However, a wide array
of anatomical, physiological, and immunoregulatory adaptations
protect the fetus from immune rejection. The allogeneic fetus
induces a form of immune deviation with striking parallels with
ACAID. One might even argue that maternal immune privilege
is initiated even before fertilization of the ovum. Seminal fluid
contains one of the highest concentrations of TGF- of any bodily
fluid (Robertson et al., 2002) and the TGF-f concentration in the
uterine luminal fluid increases over threefold immediately after
insemination (Tremellen et al., 1998). Semen, like AH, has the
capacity to promote the development of immune tolerance and T
regs (Lengerova and Vojtiskova, 1963; Robertson et al., 1997; James
etal., 2003). In both humans and mice, there is a steep increase in
the number of CD4TCD25" T regs during pregnancy and deple-
tion of CD4TCD25™ T regs induces abortion in mice (Aluvihare
et al.,, 2004; Somerset et al., 2004). Induction of T regs also occurs
in the testis. Soluble antigens injected into the testis induce a form
of immune deviation that is reminiscent of ACAID (Li et al., 1997;
Ditzian-Kadanoff, 1999; Verajankorva et al., 2002). A recent study
demonstrated that allogeneic hematopoietic stem cell transplants
reside in the bone marrow where immune reactivity exists, yet the
stem cell transplants do not undergo immune rejection (Fujisaki
etal.,,2011). Allogeneic hematopoietic stem cells reside in the bone
marrow in close proximity to CD4TCD25% T regs. Interestingly,
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FIGURE 1 | Organ systems involved in the induction of ACAID. Removal of
the eye, spleen, or thymus within 72 h of injecting antigen into the anterior
chamber prevents the induction of ACAID. Chemical sympathectomy prior to
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injecting antigen into the anterior chamber also abrogates ACAID. BCR, B cell
receptor. Reproduced from Niederkorn (2006), with permission from Nature
Publishing Group.

the hematopoietic stem cells are lost if the hosts are depleted of
CD41CD25™ T regs (Fujisaki et al., 2011). To date no studies have
examined if the hair follicle environment promotes the induction
of immune deviation or the generation of T regs (Kinori et al,,
2011).

OCULAR IMMUNE PRIVILEGE AND OCULAR MELANOMA:
PARALLEL UNIVERSES OR IMMUNOLOGICAL PLAGIARISM?
Uveal melanoma is the most common intraocular malignancy in
adults and occurs with a frequency of seven cases per million per
year in the Western world (Singh and Topham, 2003). There is
ample evidence that uveal melanomas are recognized by elements
of both the innate and adaptive immune responses. Although
uveal melanomas reside within an immunologically privileged site
and escape immune elimination in the eye, they metastasize to

other body sites, which do not provide the same immunological
sanctuary that occurs in the eye. However, growing evidence sug-
gests that uveal melanomas have adopted many of the strategies
that contribute to immune privilege in the eye and use them to
escape immune rejection after the tumor cells have disseminated
from the eye to distant body sites (Table 2).

UVEAL MELANOMAS AND IMMUNE PRIVILEGE TO INNATE IMMUNE
RESPONSES

Studies in both humans and experimental animals indicate that
the innate immune responses, namely NK cells, have an impor-
tant influence on the growth and metastasis of uveal melanomas
(Niederkorn, 2010). In vitro studies have shown that human uveal
melanoma cells are susceptible to in vitro cytolysis by NK cells (Ma
and Niederkorn, 1995; Ma et al., 1995; He et al., 2004). However,
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Table 2 | Mechanisms and molecules that maintain immune privilege
in the eye and are “plagiarized” by uveal melanoma metastases to
escape immune surveillance.

Mechanism/ Mode of action Eye Uveal

molecule melanoma

TGFB Inhibit NK cells Y Y

MIF Inhibit NK cells Y Y

IDO Deplete T cells Y Y

FasL Deplete T cells Y Y

TRAIL Inhibit T cell proliferation and Y Y
induce T cell apoptosis

CRPs Inactivate complement Y Y

PD-L1 Inhibit T cell proliferation and Y Y
induce T cell apoptosis

Low level of MHC Escape detection by CTLs Y Y

class la

MHC class Ib Inhibit NK cells Y Y

Tregs Inhibit T cells Y ?

Y, yes, ?, not determined.

the susceptibility of uveal melanoma cells to NK cell-mediated lysis
is inversely correlated with the expression of MHC class I mole-
cules (Ma and Niederkorn, 1995; Ma et al., 1995) and is consistent
with the “missing self” hypothesis, which posits that NK cells are
programmed to kill any cell, malignant or non-malignant, that fails
to express MHC class I molecules (Ljunggren and Karre, 1990).
However, within the eye uveal melanomas are shielded from NK
cell-mediated cytolysis by the buffering effects of the AH, which
contains two potent inhibitors of NK cell activity: TGF-f and MIF.
Both of these cytokines are present in the AH at concentrations that
strongly inhibit NK cell-mediated cytolysis (Apte and Niederkorn,
1996; Apte et al., 1997, 1998). Experiments in nude mice have
provided compelling evidence that AH-borne factors prevent NK
cell-mediated elimination of uveal melanomas in the eye. Nude
mice lack a functional T lymphocyte repertoire, yet have a robust
NK cell population. Uveal melanoma cells were briskly rejected
following subcutaneous transplantation in nude mice, yet grew
progressively if transplanted into the eye, even at doses 50-fold
lower than the subcutaneous doses (Apte et al., 1997). Elimina-
tion of NK cells by intraperitoneal injection of anti-asialo GM1
antiserum prevented nude mice from rejecting subcutaneously
injected uveal melanoma cells and confirmed that the rejection
of the subcutaneously injected uveal melanoma cells was indeed
mediated by NK cells and also indicated that NK cell-mediated
rejection of uveal melanoma cells can occur outside of the eye
(Apte et al., 1997).

Uveal melanomas have a propensity to metastasize to the liver
and 95% of the patients who die from uveal melanoma have
liver metastases (Einhorn et al., 1974; Donoso et al., 1985). Lym-
phocytes can infiltrate primary uveal melanomas and in some
cases, as many as 40% of the tumor-infiltrating lymphocytes (TIL)
express NK cell markers (Ksander et al., 1991; Meecham et al,,
1992; de Waard-Siebinga et al., 1996). Moreover, NK cells isolated
from uveal melanoma-containing eyes display NK cell-mediated
cytolytic activity (Ksander et al., 1991). However, as mentioned

earlier, the AH of the eye contains MIF and TGF-8, both of which
inhibit NK cell-mediated cytolytic activity in vitro and in situ.
However, once in the liver, uveal melanoma cells find themselves
in an environment that has the highest concentration of NK cells
of any organ in the body (Godfrey et al., 2000; Crispe, 2009; Gao
etal.,2009; Nemeth et al., 2009). To compensate for this harsh new
reality, uveal melanomas have adopted the strategies employed by
the eye to block NK cell-mediated cytolysis. In one study, liver
metastases of uveal melanomas produced approximately twice as
much MIF as primary uveal melanoma cells (Repp et al., 2000).
Uveal melanomas also express TGF-$2, the isoform of TGF-f
that suppresses NK cell activity (Esser et al., 2001). Verbik et al.
(1997) examined the expression of MHC class I molecules on pri-
mary uveal melanomas and liver metastases from the same patient
and discovered that liver metastases expressed a 10-fold higher
expression of MHC class I molecules compared to the primary
melanoma. The susceptibility of tumor cells to NK cell-mediated
cytolysis is also affected by the tumor cell’s expression of NK
cell activating ligands. NKG2D is an activating receptor that is
expressed on NK cells and when it interacts with its ligand, MIC-
A/B, which is expressed on NK-sensitive tumors, it transmits an
activating signal that results in NK cell-mediated cytolysis of the
tumor cells. An interesting recent study reported that MIC-A/B
was expressed on 50% of primary uveal melanomas, but was unde-
tectable on all 11 metastases specimens tested (Vetter et al., 2004).
Thus, uveal melanomas appear to undergo a selection process once
they leave the eye that favors the survival of cells that are resistant
to NK cell-mediated cytolysis.

UVEAL MELANOMAS AND IMMUNE PRIVILEGE TO ADAPTIVE IMMUNE
RESPONSES

Uveal melanomas have also high-jacked strategies used by the eye
to create “ad hoc” immune privilege against adaptive immune
responses in the liver.

IDO AND THE STARVATION OF T CELLS

T lymphocytes are incapable of generating tryptophan and per-
ish if this amino acid is absent. The enzyme IDO catalyzes the
degradation of tryptophan and thereby terminates T lymphocyte
immune responses (Munn et al., 1999; Frumento et al., 2002; Mel-
lor et al., 2002; Terness et al., 2002). IDO is expressed in many
ocular tissues and is believed to contribute to the immune privi-
lege of corneal allografts (Malina and Martin, 1993; Beutelspacher
etal., 2006; Ryu and Kim, 2007). IDO is expressed by some tumors
and is believed to be a strategy for evading immune surveillance
(Uyttenhove et al., 2003). Chen et al. (2007) reported that nei-
ther primary uveal melanomas nor liver metastases constitutively
expressed IDO. However uveal melanoma cells exposed to IFN-y,
a cytokine produced by both T lymphocytes and NK cells, rapidly
upregulated biologically active IDO. Thus, uveal melanoma cells
are poised to generate IDO if they perceive the presence of either
adaptive or innate immune elements and thereby evade immune
elimination in the liver.

COUNTER ATTACK BY PD-L1
PD-L1 is expressed throughout the eye and sustains immune priv-
ilege by down-regulating T lymphocyte proliferation and inducing
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apoptosis of inflammatory cells expressing its receptor, PD-1. PD-
L1 also contributes to the immune privilege of corneal allografts
(Hori et al., 20065 Shen et al., 2007). In a recent study, approx-
imately half of the primary uveal melanoma cell lines tested
constitutively expressed PD-L1 and only 20% of the metastases
cell lines were positive (Yang et al., 2009). However, exposure
to the proinflammatory cytokine IFN-y resulted in the expres-
sion of PD-L1 on primary and metastases cell lines. Thus, uveal
melanomas have the capacity to sense the presence of an inflam-
matory response in the form of IFN-y and respond by upreg-
ulating molecules such as IDO and PD-L1 that launch a counter
attack that extinguishes immune-mediated inflammation directed
against uveal melanomas. However, this escape mechanism can
be circumvented. Uveal melanoma cells transfected with the T
cell co-stimulatory molecule, CD80, do not upregulate PD-L1
when exposed to I[FN-y and instead, activate T lymphocytes (Haile
etal.,2011). This finding suggests that unraveling the mysteries of
immune privilege may have important implications for designing
therapeutic modalities for managing malignancies such as uveal
melanoma that have adopted immune privilege as a strategy for
escaping immune surveillance.

BUFFERING EFFECTS CRPs

Complement regulatory proteins are expressed in both soluble and
cell membrane-bound forms throughout the eye and act as buffers
to limit spontaneous inflammation and complement-mediated
cytolysis of ocular cells. Uveal melanomas have high-jacked this
strategy and express all three categories of CRPs (CD46, CD55,
and CD59), which protect melanoma cells from complement-
mediated lysis in vitro and presumably in vivo (Goslings et al.,
1996). There is evidence that at least one proinflammatory
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cytokine, TNF-a, up regulates CRPs on uveal melanoma cells
(Blom et al., 1997). Thus, like PD-L1 and IDO, CRPs have
the capacity to be upregulated when inflammation and possibly
adaptive immune effector elements are perceived.

CONCLUSION AND PERSPECTIVES

Our understanding of immune privilege has changed significantly
over the past 50 years. What was originally perceived as an anatom-
ical anomaly in which the putative absence of lymphatic channels
in the eye and brain acted to sequester antigens and create a state
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While pathogenic CD4T cells are well known mediators of autoimmune uveoretinitis, CD8
T cells can also be uveitogenic. Since preliminary studies indicated that C57BL/6 mice were
minimally susceptible to autoimmune uveoretinitis induction by CD8T cells, the basis of
the retinal disease resistance was sought. Mice that express p-galactosidase (Bgal) on a
retina-specific promoter (arrBgal mice) were backcrossed to mice expressing green fluo-
rescent protein (GFP) and diphtheria toxin (DTx) receptor (DTR) under control of the Foxp3
promoter (Foxp3-DTR/GFP mice), and to T cell receptor transgenic mice that produce pgal-
specific CD8T cells (BG1 mice). These mice were used to explore the role of regulatory T
cells in the resistance to retinal autoimmune disease. Experiments with T cells from dou-
ble transgenic BG1 x Foxp3-DTR/GFP mice transferred into Foxp3-DTR/GFP x arrBgal mice
confirmed that the retina was well protected from attempts to induce disease by adop-
tive transfer of activated BG1T cells. The successful induction of retinal disease following
unilateral intraocular administration of DTx to deplete regulatory T cells showed that the
protective activity was dependent on local, toxin-sensitive regulatory T cells; the opposite,
untreated eye remained disease-free. Although there were very few Foxp3™ regulatory T
cells in the parenchyma of quiescent retina, and they did not accumulate in retina, their
depletion by local toxin administration led to disease susceptibility. VWe propose that these
regulatory T cells modulate the pathogenic activity of Bgal-specific CD8T cells in the reti-
nas of arrBgal mice on a local basis, allowing immuno regulation to be responsive to local

conditions.

Keywords: tregs, autoimmunity, retina, Foxp3, EAU

INTRODUCTION

The eye contains several tissues that are delicate and/or non-
regenerative, rendering them susceptible to inflammatory or tissue
destructive immune responses that can have serious consequences
for visual function. In response, the eye has developed specialized
anatomical features and physiological mechanisms that contribute
to maintenance of protective immune functions while limiting
non-specific, collateral tissue damage associated with immune
responses (Gregerson, 1998; Streilein, 2003; Niederkorn and Wang,
2005; Caspi, 2006; Taylor, 2009; Hori et al., 2010).

Among ocular tissues, the retina is unique in that it is part
of the central nervous system (CNS), but differs from brain and
spinal cord by the absence of meninges and the lack of lymphatic
drainage (Yamada et al., 1991; Cserr et al., 1992). The retina also
contains high concentrations of tissue-specific proteins associated
with visual transduction including interphotoreceptor retinoid-
binding protein (IRBP), arrestin, and photoreceptor opsins. T
cell recognition of retinal antigens (Ag) can lead to experimental
autoimmune uveoretinitis (EAU) when retinal immune privilege
is breached by effector T cell responses. Conversely, the recognition
of these Ag by T cells also forms the basis for those mechanisms of
retinal immune privilege that are based on Ag-specificity (McPher-
son and Gregerson, 1994; Egwuagu et al., 1997; Gery and Egwuagu,
2002; Gregerson, 2002; Avichezer et al., 2003a; Ham et al., 2004;

Carson et al., 2006; DeVoss et al., 2006; Lambe et al., 2007; Heuss
etal, 2012). The actions of regulatory T cells (Tregs) are increas-
ingly recognized to contribute to the immune homeostasis of the
eye, and retina (Wenkel and Streilein, 1998; Grajewski et al., 2006;
Niederkorn, 2007; Silver et al., 2007; Stein-Streilein and Taylor,
2007; Caspi, 2008).

While multiple lineages of T cells are capable of immunosup-
pressive activity (Shevach et al., 2006; Jutel and Akdis, 2008), the
CD4+CD25% Foxp3™ T cell is the prototypical Treg. Many of these
Tregs develop in the thymus in response to self-Ag (natural Tregs,
nTregs), in part due to aire promotion of peripheral Ag expression
by medullary thymic epithelial cells (mTEC; Sakaguchi, 2011).
However, CD4TCD25%" Foxp3™t Tregs are also generated in the
periphery from mature, naive CD4™ T cells (induced Tregs, i Tregs),
and are thought to be important in modulating immune responses
to microorganisms and autoimmune inflammation (Thorstenson
and Khoruts, 2001; Curotto de Lafaille et al., 2004; Lohr et al.,
20063 Apostolou et al., 2008). Using CD4™ T cell receptor trans-
genic mice (Bgal TCR mice) specific for E. coli fgal, in conjunction
with mice expressing Bgal as a transgenic neo-self-Ag in the retina
(arrpgal mice), we demonstrated that retinal expression of fgal led
to regulation of systemic immune responses to fgal (Gregerson
and Dou, 2002). This activity was subsequently attributed to the
generation of Tregs in the periphery from naive CD4* precursors,
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especially in lymphopenic hosts (Gregerson et al., 2008, 2009;
McPherson et al., 2009; Heuss et al., 2012).

Although it is clear that newly generated iTregs provide pro-
tection from retinal autoimmunity, it is not clear how and where
these iTregs are made and exert their effects. The Bgal antigen in
arrpgal mice is of retinal origin, but the site of Treg generation
and expression of regulatory activity of the Pgal-specific Tregs
remains uncertain. The interaction between Ag-bearing dendritic
cells (DC) and T cells in draining LNs is a major mechanism
for the generation of iTregs (DiPaolo et al., 2007). However, the
highly restricted, tissue-specific expression of retinal fgal com-
bined with the apparent lack of lymphatic drainage from retina
allows for the possibility that iTregs to retina-specific Ag might be
generated and/or act in a local, tissue-specific manner. Evidence
for induction of iTregs from naive T cells, but not committed T
cells, following their injection into the posterior segment of the
eye was recently shown (Zhou et al., 2012). Such a mechanism was
consistent with our recent evidence for retinal DC that promoted
production of iTregs that were recovered from quiet retina, and
correlated the local antigen presenting cell (APC) activity with
EAU susceptibility (Heuss et al., 2012).

While many studies have examined the effects of Foxp3™ Tregs
on CD4 T cell mediated autoimmunity, relatively few have looked
at Treg modulation of the activity of autoreactive CD8 T cells.
In studies to investigate the origin and retinal-protective func-
tion of Tregs specific for retinal Ags, and establish their role in a
CD8 T cell model of autoimmunity, we examined the activity of
Tregs from Bgal-specific, CD8 TCR Tg mice in conjunction with
arrfgal mice, and mice expressing a diphtheria toxin (DTx) recep-
tor (DTR) and/or green fluorescent protein (GFP) under control
of the Foxp3 promoter. Although Foxp3™ Tregs were rarely found
in the parenchyma of the quiescent retina, local Treg activity was
critical for protection of the retina from uveitogenic CD8™ T cells.
Our results suggest that immune privilege of the retina is substan-
tially dependent on Ag-specific Tregs that act locally. Although
they are present in small numbers, they are sufficient to control
the pathogenic and delayed-type hypersensitivity (DTH) activity
of the uveitogenic CD8 T cells.

MATERIALS AND METHODS

MICE

Rod photoreceptor cell expression of Bgal on the arrestin promoter
in arrBgal transgenic mice yields approximately 150 ng Bgal/retina,
<0.5 ng Bgal/pineal gland, and rare, unidentified Bgal™ brain cells
(Gregerson and Dou, 2002). No other sites of fgal expression have
been found. Arrfgal on the B6 background mice were generated
from B10.A-arrfgal mice by backcrosses with normal B6 mice
for greater than 10 generations. BG1 mice produce CD8 T cells
expressing a transgenic VB7 TCR specific for the H2-KP-restricted
epitope DAPIYTNV in Bgal (Donohue et al., 2006; Tewalt et al.,
2009). Foxp3-GFP and Foxp3-DTR/GFP transgenic mice on the
B6 background, which express GFP only or GFP and DTR under
control of the Foxp3 promoter, respectively, have been described
(Fontenot et al., 2005; Kim et al., 2007). Breeding stock was kindly
provided by Dr. S. S. Way (University of Minnesota). BG1 mice
were backcrossed to the arrfgal mice, and the Foxp3-DTR/GFP
mice. Mice were handled in accordance with the Association for

Research in Vision and Ophthalmology (ARVO) Statement for the
Use of Animals in Ophthalmic and Vision Research, and the Uni-
versity of Minnesota institutional animal care and use guidelines.
Mice were housed under specific pathogen-free conditions.

INJECTIONS INTO THE ANTERIOR CHAMBER OF THE EYE, OR
SUBCUTANEOUS (S.C.)

Diphtheria toxin and saline injections into the eye were done by
the trans-corneal route into the anterior chamber (AC) as pre-
viously described (Lehmann et al., 2010). One microliter doses
containing saline or 25ng/pl DTx were given as indicated. DTx
injections into the cheek were given s.c. using 25ng DTx in 10 pl
saline as indicated.

CELL CULTURE AND PURIFICATION

Pooled spleen and lymph node (LN) cell suspensions were pre-
pared by tissue homogenization followed by filtration through
a 70-pM cell strainer. Lymphocytes were also prepared from
whole blood. Red blood cells were lysed using 0.17 M NH4Cl and
the remaining cells were washed twice in PBS and resuspended
in X-Vivo 15 media (Lonza) supplemented with sodium pyru-
vate (100 pg/ml), L-glutamine (784 pg/ml), penicillin (100 U/ml),
streptomycin (0.1 mg/ml), B-mercaptoethanol (50 pM), 1 x MEM
non-essential amino acids, and 2% fetal calf serum (FCS; Sigma).
All cultures were maintained at 37°C in an atmosphere of 6% CO,.
The BG1 CD8 T cells were isolated using a CD8 T cell isolation kit
(MiltenyiBiotec) per manufacturer’s protocols.

FLOW CYTOMETRY

Cells from spleen, LN, or peripheral blood were prepared as
described above except that the final suspension was made in FACS
buffer (PBS with 2% FCS and 0.02% sodium azide). Fluorescent-
labeled antibodies (BD Biosciences or eBioscience) were added
to the cell suspensions, from 0.25 to 2.0 w1/10° cells, and incu-
bated on ice for 30 min. The cells were washed, resuspended in
FACS buffer, and analyzed on a FACS Calibur flow cytometer
using Cell Quest (BD Biosciences) or FlowJo (Tree Star) soft-
ware. Sorting of purified CD4 T cells into regulatory (GFP™)
or effector (GFP™) populations was done on a FACS Aria flow
cytometer (BD Bioscience). For flow cytometry on the cells in the
retina, mice were euthanized, perfused, and the retinas removed
as described (Lehmann et al., 2010). The retinas were dissociated
using a solution of 0.2 wg/ml Liberase/TM (Roche) and 0.05%
DNase in DPBS, stained with indicated antibodies, and analyzed as
described (Lehmann et al., 2010). Analysis of all the cells collected
from a single retina comprised a single sample.

CYTOKINE ASSAYS

Cultures containing 5 x 10° unfractionated spleen/LN cells from
BG1 mice were aliquoted in triplicate into 96-well plates in
final volume of 200 pl with or without fgal protein (10 pg/ml).
Supernatants were harvested 48 h post stimulation and assayed
for cytokines by cytometric bead array (BD Bioscience) per
manufacturer’s protocol.

INDUCTION AND TRANSFER OF TREGS
Foxp3-GFP mice were injected i.v. with 100 pug of Bgal or bovine
serum albumin (BSA) solubilized in PBS at 1 mg/ml. At 8 days
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post-injection, CD4™" T cells were isolated from spleen and LN by
negative selection, and sorted for CD374TGFP™ cells. The cells
were washed and resuspended in PBS to 5 x 10%/ml. Recipient
mice received 5 x 10° cells i.v.

CELL TRANSFERS AND INDUCTION AND ANALYSIS OF AUTOIMMUNE
DISEASE

For transfer of activated T cells, purified lymphocytes from LN and
spleen of BG1 mice, or BG1 x Foxp3-DTR/GFP transgenic mice,
as indicated, were stimulated with their cognate peptide (0.5 LM)
and irradiated (3000 R) B6 splenocytes at a 1:10 ratio in the pres-
ence of IL-6 (5 ng/ml), IL-1 (2.5 ng/ml), and TGFf (1 ng/ml). IL-2
(10 U/ml) was added 48 h post stimulation and the cells were cul-
tured an additional 6 h. The cultures were washed and resuspended
in PBS to a concentration of 2 x 107 cells/ml. Recipient mice were
inoculated i.p. with 5-20 x 10° cells. Prior to transfer, the indicated
recipients were irradiated (900 R) or depleted of CD25™" cells by
anti-CD25 antibody (BioXcell, clone PC61, 500 g given i.p. three
times at 3 day intervals with the last dose given 3 days prior to
T cell transfer). Bgal-specific T cells were also generated by s.c.
immunization of mice with a single, hindlimb 200 |11 dose contain-
ing 200 g Pgal emulsified in complete Freund’s adjuvant (CFA)
containing 5mg/ml M. tuberculosis (H37Ra, Sigma) followed by
0.5 g pertussis toxin (Sigma) per mouse given in 100 pl saline
i.p. At the indicated times post-transfer or post-immunization,
the eyes were harvested, fixed in 10% buffered formalin, paraffin
embedded, sectioned (5 wM), and stained with H&E. The slides
were examined in a masked fashion, and EAU severity was scored
from 0 (no disease) to 5 (complete loss of photoreceptor cells plus
damage to the inner layers of the retina) based on histopathological
changes to the retina (Gregerson et al., 1993).

ANALYSIS OF THE DELAYED-TYPE HYPERSENSITIVITY RESPONSE
Analysis of the DTH response (ear swelling assay) was done by
injection of Bgal (50 ug in 10 l) into the ear pinna as previously
described (Gregerson and Dou, 2002).

GENERATION AND ANALYSIS OF RADIATION-BONE MARROW
CHIMERAS

Tibias and femurs were harvested from euthanized donor mice.
Bone marrow (BM) was flushed out with calcium, magnesium-free
phosphate-buffered saline (CMF-PBS), passed through a 70-pm
mesh filter, and resuspended in CME-PBS. Red blood cells were
lysed in 0.17M NH4Cl. The BM was washed with CMF-PBS
and resuspended to 5 x 107 cells/ml. Recipient mice were given
1 x 107 BM cells via i.p. injection. Recipient mice were irradiated
with 1200 R of total body irradiation, given as a split dose ('3’ Cs,
2 x 600 R with a 3-h interval), prior to BM transfer. Chimerism
was assayed after 19 weeks by flow cytometry for CD45.17 and
CD45.27 cells in blood. Activated BG1 T cells were injected at
4.5 x 10° per recipient, and the eyes harvested 21 days later.

RESULTS

ANALYSIS OF BGAL-SPECIFIC TCR Tg MICE

We previously described CD4 T cell TCR Tg mice specific for fgal
(BgalTCR) on the B10.A background. When backcrossed to mice
expressing Pgal in retina (arrfgal x BgalTCR mice), no sponta-
neous EAU was observed nor did immunization with fgal in CFA

produce EAU in the double transgenic mice (Gregerson et al,
2009; McPherson et al., 2009). CD4%25% Tregs were found to
contribute to the resistance to EAU. The potential participation of
Tregs in modulating the pathogenesis of EAU mediated by CD8 T
cells specific for the same target Ag in retina was sought using the
Bgal-specific, BG1 CD8 TCR mice.

Analysis of CD3™ splenocytes from BG1 mice showed that BG1
T cells were highly enriched for CD8TVB7+ cells (Figure 1A).
To learn if BG1 T cells maintained a naive phenotype in mice
expressing retinal Pgal, we compared T cells from BG1 mice
with T cells from BG1 x arrfgal double transgenic mice for cell
surface markers associated with Ag recognition. FACS analy-
sis of LN CD81TVB71 T cells showed similar expression levels
of CD44, CD45RB, CD62L, and CD69 between BG1 mice and
their double Tg counterparts (Figure 1B). The small number
of CD8TVB7+ T cells from non-Tg B6 mice had a higher fre-
quency of CD44745RB™ cells (Figure 1B). As a control for T
cell activation, the BGI mice were immunized with Bgal in CFA
adjuvant. The CD81TVB7™ T cells showed a substantial shift to
expression levels associated with T cell activation, higher CD44,
and CD69, and lower CD45RB and CD62L (Figure 1B). The level
of CD257FoxP3™ T cells sampled from spleen was also similar
between BG1 mice and their double Tg counterparts (Figure 1C),
showing that the retinal expression of fgal did not alter the lev-
els of Tregs. The total number of Tregs in both strains was small,
compared to the frequency found in normal B6 mice, possibly
reflecting the limited repertoire in this mice (see below). Analysis
of cytokines produced by Ag stimulation in vitro showed that BG1
T cells produced only small amounts of IL-6 and IL-10,and a mod-
erate amount of TNFa (Figure 1D). No spontaneous autoimmune
disease was found in the retinas of BG1 x arrfgal double Tg mice.

Analysis of Foxp3-GFP mice for the distribution of GFP™ Tregs
in PBL showed that approximately 3.5% of circulating T cells was
GFP™ (Figure 2A). Of these, greater than 97% of the GFP™ cells
was CD4™. In the BG1 x Foxp3-GFP mice, approximately 1.7%
of peripheral T cells was GFPT, and greater than 96% was CD4™.
Most of the GFPTCD4™ T cells in the BG1 mice also expressed the
VB7 TCR transgene (Figure 2B). Virtually all of the small number
of CD8VTGFP™ T cells were VB7™. The Ag-specific activity of the
BG1 T cells lies in the Bgal-specific VB7" population that responds
to the class I-restricted DAPIYTNYV epitope (Donohue et al., 20063
Tewalt et al., 2009). Activation of the BG1 cells with this peptide
conferred pathogenic activity on them (see below).

ACTIVATED BG1 T CELLS CAN BE PATHOGENIC IN TISSUES
EXPRESSING BGAL

Several rodent models show EAU induction by adoptive transfer
of activated CD4™ T cells specific for endogenous and transgenic
retinal antigens (Gregerson et al., 1986, 1999; Rizzo et al., 1996; Su
et al., 2001; Lambe et al., 2007). Conversely, few studies of EAU
induction by CD8 T cells have been reported (McPherson et al.,
2003; Song et al., 2008). We showed that fgal™ retinal photore-
ceptor cells in B10.A mice were targets for autoimmune disease
mediated by an oligoclonal line of activated, Bgal-specific CD8' T
cells (McPherson et al., 2003, 2006). BG1 T cells activated in vitro
with their cognate Bgal peptide and transferred into arrfgal mice
produced minimal autoimmune disease in the untreated arrfgal
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FIGURE 1 | Analysis of Bgal-specific BG1 TCRTg mice. (A) FACS analysis
of CD3* splenocytes for CD8 and the clonotypic TCR Bchain for the BG1 Tg
mice. (B) FACS analysis for cell surface molecules associated with Ag
recognition. Lymphocytes were gated on CD8*VB7* and then analyzed for
the indicated surface molecules. The percentage of cells having a naive (N)
(Continued)

FIGURE 1 | Continued

or activated (A) phenotype is indicated. (C) Comparison of Treg levels in
BG1 vs. BG1 x arrBgal mice. Splenic lymphocytes were gated on
CD4+CD90.2* cells and then analyzed for CD25 and Foxp3. Representative
FACS plots are shown. P values comparing the quadrants were determined
by t-test, which showed that all were >0.05 (n=3). (D) Cytokine
production of Bgal-specific BG1 TCR Tg splenocytes cultured with or
without pgal stimulation.

recipient mice, relative to normal controls (Figures 3A-D). Recip-
ients that were pretreated with sub lethal irradiation (900 R) to
produce lymphopenia, or depleted of CD25" cells prior to BG1
T cell transfer showed a much higher incidence and severity of
disease (Table 1; Figures 3E-H). The pathology seen in the retinas
of BG1 recipients revealed minimal in filtrates and inflammation,
even though the destruction of the retina ranged from limited
loss of the Bgal™ photoreceptor cells to substantial destruction
of the retina. The infiltration of autoreactive CD8' T cells was
first seen in the Bgal-expressing photoreceptor cells (ONL and OS,
Figure 3C). More severe disease progressed to loss of the photore-
ceptor cells (Figures 3E-G) with minimal recruitment of other
inflammatory cells. Disease in some mice progressed to substan-
tial loss of the retinal cells making up the inner and outer nuclear
layers, and the RGC (Figure 3H).

EXPRESSION OF BGAL IN THE RETINA INHIBITS THE BG1 DTH
RESPONSE

Our previous studies showed that retinal Ag expression led to a
reduction in the DTH response to that retinal Ag, whether the
Ag-specific T cells were induced by immunization, adoptively
transferred, or comprised the endogenous T cell repertoire in
BgalTCR x B10.A-arrfgal double Tg mice (Gregerson and Dou,
2002; Gregerson et al., 2008, 2009; McPherson et al., 2009). The
CD8™ T cells in BG1 mice also mediated a DTH response to Bgal,
and retinal Bgal expression in the double transgenic BG1 x arrfgal
mice led to inhibition of the DTH response to Bgal by the ear
swelling assay (Figure 4). These results were consistent with pre-
vious experiments in the arrgal mice showing that the inhibition
of DTH in Bgal-immunized mice was mediated by CD374125%
T cells.

ANTIGEN-SPECIFIC Foxp3* TREGS MODULATE CD8* T CELL
RESPONSES /N VIVO

To determine if Pgal-specific Foxp3' Tregs inhibit CD8 T cell
mediated DTH in BG1 mice, Tregs were generated in Foxp3-GFP
mice by i.v. administration of soluble Bgal or BSA (Thorsten-
son and Khoruts, 2001; Zhang et al., 2001). GFPT cells were
isolated 8 days later by flow sorting for transfer to BG1 recipi-
ents. Little difference was found in the frequency of GFP™ Tregs
in Ag injected donor mice compared to non-injected controls
(Figure 5A). Tregs from Pgal and BSA treated mice were trans-
ferred into naive BG1 mice and the DTH response to Bgal was
analyzed. Mice that received BSA-induced Tregs had no reduction
in ear swelling compared to normal BG1 mice, while mice receiving
Bgal-induced Tregs showed a significant reduction in ear swelling
(Figure 5B). Given that there was little, if any, difference in total
Treg numbers between control and immunized mice, and that the
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FIGURE 2 | Although the BG1 mice have a reduced population of CD4T
cells, the FoxP3-GFP~ cells in BG1x Foxp3-DTR/GFP mice are
concentrated in the CD4 population. (A) Comparison of Foxp3-GFP+ T
cells in PBL from mice with and without the TCR transgenes. (B)
Association of the Foxp3-GFP* Tregs with the V7 CD4 and CD8T cells.
The distribution of Tregs in the VB7+ populations of T cells from peripheral
blood was unaffected by retinal Bgal expression. Analyses were gated on
CD3* T cells. Representative plots are shown.

Tregs transferred contain both endogenous and Ag-specific Tregs
induced by the i.v. Bgal, the results suggested that even a small
number of Bgal-specific FoxP3™ Tregs have a significant effect on
the systemic response of Bgal-specific CD8" T cells.

In reciprocal experiments, we examined whether the
removal of Tregs would enhance the DTH response in
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FIGURE 3 | Representative photomicrographs of autoimmune
pathology in the eyes of arrgal mice induced by transfer of activated
BG1T cells. (A) Control retina, peripheral edge. (B) Control retina, optic
nerve head. (C,D). Pathology in arrBgal mice induced by peptide-activated
BG1T cells. Eyes harvested 21 days post-transfer. (E,F) Pathology induced
in arrBgal mice by the transfer of activated BG1T cells after conditioning
with 900 RTBI. Eyes harvested 21 days post-transfer. (G,H). Pathology in
the retinas of arrBgal mice that received anti-CD25 antibody prior to the
transfer of activated BG1T cells. Eyes harvested 25 days post-transfer.
Abbreviations: RGC/NFL, retinal ganglion cell/nerve fiber layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL,
outer nuclear layer; OS, outer segments; RPE, retinal pigment epithelium.

BG1 x Foxp3-DTR/GFP double Tg mice. Tregs were substan-
tially depleted by the i.p. administration of DTx. One day later,
DTH was assayed by the ear swelling response to fgal. Depleted
BG1 x Foxp3-DTR/GFP double Tg mice had elevated levels of ear
swelling compared to similarly treated BG1 mice and non-DTx
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Table 1| Induction of EAU by adoptive transfer of activated BG1T cells
was enhanced by lymphopenia orTreg depletion.

Retinal pathology

T cells'/recipient? Incidence® Severity*

1.6+2.0
1.8+1.4
43+12

BG1~untreated
BG1+900 R
BG1 + anti-CD25

2/18
14/20°
3/4°

"BG1T cells stimulated in vitro with DAPIYTNV.
2ArBgal recipient mice were pretreated as shown.
3SNumber of mice with disease/total mice.
“Average score of diseased eyes only.

°p < 0.05 compared to BG1T cells only.
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FIGURE 4 | Retinal expression of Bgal in the BG1 x arrBgal mice leads
to an inhibited DTH response to fgal. None of the mice were immunized;
all were naive and unmanipulated. Ear swelling was induced as described in
the Section “Materials and Methods.” All results are given as mean + SD
with P values determined by t-test.

treated control mice (Figure 5C). Even in the absence of retinal
Bgal expression as a transgene, there was still a sufficient number
of Tregs to exert a detectable inhibition of the pgal DTH response,
and these Tregs were depleted by DTx, leading to increased ear
swelling.

TREGS SPECIFIC FOR RETINAL Ag ACT LOCALLY

We recently described a DC population in the retina of CD11c-
DTR/GFP mice that could be eliminated from the retinal
parenchyma by AC injection of as little as 1 ng of DTx (Lehmann
etal.,,2010). To ensure delivery of an effective, local Treg-depleting
dose of DTx, administration of 25 ng of DTx into the AC of the
eye was evaluated. The goal was to minimize systemic depletion
of DTRY Tregs, but to ensure their depletion in retina. Tregs were
depleted by i.p. delivery of DTx into Foxp3-DTR/GFP mice, but
multiple injections of 25 ng of DTx into the AC had no effect on
Treg numbers in blood (Figure 6A). Analysis of the DTH response
to Pgal showed no difference between right and left ears in mice
that received right AC DTx injections, and that the response was
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FIGURE 5 | Bgal-specific Tregs modulate the DTH response of
Bgal-specific CD8" T cells. (A) Flow cytometry of Tregs (CD4*GFP* T cells)
in Foxp3-GFP mice following i.v. injection of 100 ng BSA or Bgal. (B) Ear
swelling assay in BG1 mice transferred with 5 x 10° total Tregs (GFP+ cells)
from the BSA or Bgal-injected Foxp3-GFP mice shown in (A). Ear pinna
injections with Bgal were done immediately after transfer of the GFP*
Tregs. (C) Depletion of Tregs by systemic DTx treatment increases the DTH
response of CD4* and CD8* T cells to Bgal. DTx (250 ng/injection) was
given i.p. on days 0, 3, and 6. Bgal was injected into the ear pinna on day 7
to start the DTH response. Ear swelling was read on days 8-10. Results are
given as the mean + SD with P values determined by t-test.

not significantly different than in mice without DTx treatment
(data not shown).

Since the number of Poxp3-GFPT Tregs in the retinal
parenchyma of quiescent BG1 mice was too small to detect,
functional measures of Treg activity were used, and based on sus-
ceptibility to EAU. The consequences of local Treg depletion was
tested by adoptive transfer of activated BG1 x Foxp3-DTR/GFP T
cells into Foxp3-DTR/GFP x arrfgal mice (Figure 6B). The recip-
ients received unilateral AC injections of 25 ng DTx given three
times per week to maintain local depletion of Foxp3™ Tregs. This
strategy would effectively deplete Tregs whether they were derived
from the existing recipient pool, or from donor-derived Tregs, or

Frontiers in Immunology | Immunological Tolerance

June 2012 | Volume 3 | Article 166 | 39


http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance/archive

McPherson et al.

Generation of Tregs in retina

A DTx
Route Doses Timing

% GFP* T cells
Assay © N A (] (o]

no DTx, untreated control

IP. 3x200ng d0,2, 5

d12

3x25ng d0,2,5 d6
' 5x25ng do,2,5,7,9 d12

B adoptive transfer ¢ adoptive transfer
5 4 VYV 5
AL
D 4 Ada 4
<
B2 3l
=
02 24
>
) X
D14 1 x
X
0183888 ass oooo awms | O{ BEEE HEEE xxx
left right left right DTx no Irrad.
DTx Saline IP DTx no DTx
right AC  right AC

FIGURE 6 | Administration of DTx into the eye reveals that locally
produced Tregs are responsible for protection of the retina from EAU.
(A) Administration of DTx to Foxp3-DTR/GFP mice by the AC route does not
deplete Tregs systemically. Graph shows% GFP* T cells in the fraction of
CD3*4+T cells in blood. (B) Transfer of activated BG1 x Foxp3-DTR/GFP T
cells into Foxp3-DTR/GFP x arrgal recipients, combined with local,
unilateral depletion of Tregs leads to EAU in the depleted retina. Severe
EAU was induced in retinas of eyes depleted of Tregs, but not in the
contralateral retinas of the same animals. Control mice received an equal
volume of saline in the AC. Mice were harvested 23 days post-transfer.
Average EAU in all DTx treated eyes =3.4 £ 2.1. (C) Systemic treatment
with DTx did not promote EAU induction. Mice (Foxp3-DTR/GFP x arrBgal)
were treated with 250 ng DTx on days 0, 3, and 6. T cells from BG1 mice
lacking the Foxp3-DTR transgene were activated with Ag in vitro, and

75 x 10°T cells transferred on day 7 Control mice were not DTx treated, or
were given radiation to induce lymphopenia, which promotes pathogenesis
of EAU. DTx treatment given i.p. reduced the frequency of GFP* Tregs in
blood from 3.6 to 0.4% 1 day after the last treatment.

were iTregs newly generated in the response to retinal fgal. Mice
that received activated T cells, but no DTx injections, had no evi-
dence of EAU in their retinas (Figure 6B). Mice that received
multiple, unilateral (right eye) AC injections of DTx developed
severe EAU in the ipsilateral right eyes (9/12 eyes, severity > 4)
but no EAU in the contralateral left eyes (Figure 6B). Unilat-
eral injections of saline alone did not promote EAU induction
(Figure 6B).

Controls for potential toxicity of DTx that was unrelated to
expression of the DTR were done as follows. Since transfer of
BG1 x Foxp3-DTR/GFP T cells gave a high incidence of severe
EAU if the recipients were treated with DTx in the AC, the effect

of the DTx on BG1 pathogenicity in the absence of the DTR was
tested. If damage unrelated to Treg depletion by DTx was respon-
sible for the EAU, then transfer with BG1 T cells lacking DTR
should still give the severe EAU. Arrfgal mice lacking the DTR
transgene were transferred with activated BG1 T cells also lacking
the DTR transgene. Treatment of these mice with the same dose,
frequency, and AC route of DTx injection used in Figure 6B gave
no EAU in any of 6 mice (data not shown). Further, treatment
of arrfgal x Foxp3-DTR/GFP mice with the same toxin regimen,
but without BG1 T cell transfer also gave no EAU in any of 8 DTX
treated mice (data not shown).

To test the possibility that the transferred pgal-specific T cells
are the source of the Tregs, a set of recipient mice with DTx-
sensitive Tregs (Foxp3-DTR/GFP x arrfgal) was given systemic
treatments of DTx, followed by transfer of activated BG1 T cells
that lacked the DTR transgene. Multiple systemic treatments with
DTx did not increase susceptibility to EAU by transfer of activated
BGI1 T cells that did not carry the Foxp3-DTR transgene. These
results indicated that the transferred T cells were the source of the
EAU-protective Tregs, as those cells were not sensitive to DTx. As a
control, the same preparation of T cells produced EAU in recipients
in which radiation was used to induce lymphopenia (Figure 6C),
showing that they possessed pathogenicity in lymphopenic recip-
ients. Although the number of DTx-sensitive Tregs in quiescent
retina of Foxp3-DTR/GFP mice is too small to detect their elim-
ination, use of DTx in other tissue sites in the Foxp3-DTR/GFP
mice has been reported to deplete them effectively (Kim et al,,
2007, 2009).

The difference between Treg activity generated locally and
the activity of circulating, preformed Tregs was further exam-
ined by experiments in BG1 x Foxp3-DTR/GFP x arrfgal mice.
Our hypothesis proposes that Tregs generated locally and acting
locally protect the retina, and was supported by the experiments
above. Administering DTx systemically allows testing of the role
of preformed circulating Tregs. In these mice, the FoxP3™" Tregs
are susceptible to DTx, and Pgal is present in the retina, provid-
ing the combination of potentially pathogenic T cells and target
Ag. No spontaneous EAU has been observed in a large num-
ber of these mice. Mice given four doses of 500 ng DTx/dose, at
4 days intervals failed to develop EAU, even though the systemic
signs of autoimmunity associated with systemic depletion of Tregs
appeared by the end of the 16-day course of the experiment (data
not shown). Together, these results support the hypothesis that
Tregs are generated in the retina, and inhibit EAU development.

PATHOGENESIS OF EAU BY AUTOREACTIVE CD8 T CELLS DOES NOT
REQUIRE RECRUITMENT OF MHC CLASS I* CELLS TO THE RETINA

The role of retinal APC in the pathogenesis of EAU mediated
by CD8 T cells was examined by preparation of radiation BM
chimeras whose MHC class I expression was manipulated. Prior
to adoptive transfer of activated BG1 T cells, the recipient mice
were conditioned by sublethal irradiation. Control experiments
in which class I BM was grafted into class I'* recipients, yielded
mice that were susceptible to EAU induction by the subsequent
transfer of activated BG1 T cells (Group A, Figure 7, Top). Con-
versely, no EAU was found in control mice made with class I/~
BM reconstitution of class I/~ recipients, and transferred with
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FIGURE 7 | Local expression of MHC class | is sufficient to support
pathogenesis of CD8T cell mediated EAU. TOP. Chimeric mice made in
recipients that were MHC class |, but whose non-resident retinal immune
cells were replaced by grafting class I'lBM (group C) were susceptible to
EAU by adoptive transfer of activated BG1T cells. Conversely, recipient
mice that were class |-, but given class I BM (group B) were resistant to
EAU. Control groups A and D were subjected to the chimerism procedures,
but were fully class It or class |-, respectively. Recipients were sublethally
(Continued)

FIGURE 7 | Continued

irradiated prior to transfer of the BG1 cells to induce the lymphopenia that
promotes EAU induction. INSET. Comparisons of all eyes were made using
non-parametric P values determined by Kruskal-Wallis test. Comparison of
the severity in only the EAU-positive eyes (normally distributed) in groups A
vs. C was also done by a t-test, and showed a P value of <0.05. BOTTOM.
Histopathology of retinas from group A (A-D) and group C (E-H) showed
that the presence or absence of class |* cells in the circulation had little
effect on the cellularity of the inflammation and pathogenesis of CD8T cell
mediated EAU. All mice expressed retinal fgal.

the activated BG1 T cells (Group D, Figure 7, Top). No EAU was
found in class ™/~ recipients of wt BM transferred with activated
BG1 T cells, suggesting that the Bgal™ photoreceptor cells do not
express a sufficient level of MHC class I to support direct cytotoxic
killing by the BG1 T cells (Group B, Figure 7, Top). It also sug-
gests that the resident, class ™/~ microglia in these retina, which
turnover slowly in the absence of a stimulus, were not replaced
by class It donor cells during the 19-week period post-grafting
to a level that supported pathogenesis based on class I expression
by the donor-derived microglia. Class I recipient mice receiving
class 1=/~ BM developed were clearly susceptible to EAU (Group
C,Figure 7 Top), but the severity in the EAU-positive eyes only was
less than found in the Group A controls. The outcomes in Groups A
and C were consistent with local Ag presentation supporting EAU
that could be augmented by class I recruited cells, and strength-
ened our recent results demonstrating the significance of local
Ag presentation in EAU (Heuss et al., 2012). The histopathology
found in groups A and C was similar (Figure 7, Bottom). In all
cases, there was minimal inflammatory infiltrate that was not sig-
nificantly altered by the class I expression of the circulating cells
available for recruitment.

DISCUSSION

With the exception of IRBP-induced CD4 T cell mediated EAU in
the B10.R3 strain, mice are relatively resistant to retinal autoim-
mune inflammation (Caspi et al., 1992; Silver et al., 1995; Sun
etal., 1997). A role for Tregs in that resistance has been described.
For example, thymic expression of retinal IRBP resulting from
aire gene activity, leads to thymic production of natural Tregs
(nTregs) that suppress retinal autoimmunity (DeVoss et al., 2006).
The presence or absence of thymic IRBP affected EAU suscep-
tibility and systemic IRBP responses (Avichezer et al., 2003a,b).
Expression of several immunopathogenic retinal autoAgs has been
found in rodent and human thymus (Egwuagu et al., 1997; Gery
and Egwuagu, 2002; Takase et al., 2005). Together, these findings
support central tolerance as an important mechanism that con-
tributes to retinal immune privilege. Our studies asked if Tregs
are a factor in the resistance of murine retina to autoimmune dis-
ease directed to other retinal Ag, particularly in the context of
pathogenic, autoreactive CD8 T cells.

Study of the control of CD8 T cell mediated autoimmunity by
Foxp3™ Tregs has received much less attention than autoimmune
diseases mediated by CD4 T cells. Using viral CNS infection of
mice with DTx-sensitive Tregs, the recruitment of CD8 T cells
specific for known epitopes of the virus was unaffected by deple-
tion of the Tregs (Cervantes-Barragan et al., 2012). In contrast,
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the frequency of CD8 T cells specific for bystander epitopes was
increased by the Treg depletion, leading to the hypothesis that
Tregs in viral CNS inflammation largely serve to protect from
self-reactive T cells, while allowing the anti-viral response to
progress, protecting the CNS. In a model incorporating CD8 T
cells specific for influenza hemagglutinin Ag, and lung expression
of hemagglutinin, the evidence was consistent with Tregs exert-
ing some control of self-reactive T cells, but the contribution of
unknown mechanisms appeared to be dominant in preventing
autoimmune inflammation (Tosiek et al., 2011).

Published and preliminary results from our lab show that reti-
nal expression of the neo-self-Ag, Bgal, promoted the generation
of functionally significant Bgal-specific Tregs from naive Bgal-
specific T cells transferred into Rag™'~ mice expressing gal in
retina (Gregerson et al., 2008, 2009; McPherson et al., 2009; Heuss
et al., 2012). iTregs are known to be generated in the periph-
ery from mature T cells upon encounter with self and foreign
Ag, under conditions that promote iTreg differentiation, includ-
ing the presence of retinoic acid and TGFf (Chen et al., 2003;
Hall et al., 2011). In many cases the Treg-generating interactions
take place in lymphoid tissues, especially LNs (del Rio et al,
2010). In light of these results, we proposed that the resistance
of arrfgal mice to EAU is due to an efficient ongoing generation
of iTregs from the mature, peripheral population of fgal-specific
T cells, and sought evidence for their local activity in protecting
from EAU.

We reported that quiescent retina of normal B6 mice con-
tains a small number of a/f T cells, approximately 40-50 per
retina, and that approximately 5% of these (2/retina) were Foxp3™T,
based on their GFP expression in Foxp3-DTR/GFP mice (Heuss
et al., 2012). The retina of the BG1 x Foxp3-DTR/GFP mice was
similarly populated with T cells, including GFP™ Tregs. Their
specificity is unknown, but it seems improbable that this small
number could block the challenge posed by transfer of several
million activated CD8 T cells with specificity for a retinal anti-
gen, as we have shown here. The experiments showing the role
of retinal DC in the generation of Foxp3™ Tregs (Heuss et al.,
2012), and the data presented here showing that local depletion
of Tregs allows development of EAU, points to the hypothesis that
local Tregs provide the dynamic, effective resistance to CD8 T cell
mediated EAU that has been found in the arrfgal mice. We sug-
gest that this is a basic mechanism that is the foundation of the
steady-state control of the susceptibility of the retina to autoim-
mune disease. Since this mechanism rapidly provides Tregs as
needed, it lessens concerns for the lack of long-term stability in the
iTreg population (Floess et al., 2007; Selvaraj and Geiger, 2007),
or holes in the repertoire of specificities in the nTreg population.
One could argue that the generation of the retina-protective Treg
population we have described was an unusual phenomena limited
to the high TGFP and retinoic acid environment of the retina.
However, retina, mucosal tissue, and brain share the characteris-
tic of locales rich in TGFB and retinoic acid (Chen et al., 2003;
Coombes et al., 2007; Apostolou et al., 2008; Zhou et al., 2011).
This feature may be found to be more widespread than previously
thought.

The speed at which retinal protective Tregs were produced
may be key to their effectiveness, as they appeared in the retina

within 2 days of local antigen exposure in the retina (Heuss et al.,
2012). Some studies using non-tissue-specific autoantigens iden-
tified LNs as a site of Treg generation and function. The Treg
populations in those studies appear to require a sequential migra-
tory pattern that includes transport through the vasculature to
an inflamed tissue site, followed by emigration via the afferent
lymphatic to draining LN where they acquire regulatory func-
tion (Zhang et al., 2009). From there, they are deployed in LN,
where they inhibit recruitment and expansion of effector T cells,
and also return to the site of inflammation where they provide
local suppression (Suri-Payer et al., 1998; Huehn and Hamann,
2005). This rather lengthy process is unlikely to provide the rapid
appearance of Tregs we found after 2 days in a site that is not
inflamed, and lacks lymphatic drainage. Local regulatory activ-
ity has been found in the inflamed CNS using the EAE model
(O’Connor et al., 2007). In unpublished experiments we have not
found that DTx treatment of local LN impairs the Treg protection
of retina.

We propose that the small number of Tregs present in quies-
cent retina were not a barrier to pathogenic T cells and EAU. The
volume of the retina and the extensive vasculature would be a
prohibitively large area for those few Tregs to peruse for invad-
ing T cells. However, local Treg depletion allowed the adoptive
transfer model of EAU to produce a high incidence of severe EAU
limited to the ipsilateral retina. Although LN that drain some ocu-
lar structures have been demonstrated (Camelo et al., 2006), the
retina has not been demonstrated to be a tissue with lymphatic
drainage. Tregs are not known to migrate anterograde from LN,
through the lymphatics, to reach the retina or surrounding tis-
sues. These results and considerations support our hypothesis
that Tregs in the retina may be made locally, on demand. Their
activity was clearly a dominant factor in retinal immune home-
ostasis, as their local depletion was permissive for destructive EAU.
The appearance of Tregs in the retina upon local challenge is
dependent on either the direct recruitment of Tregs from the cir-
culation, or on their development from T cells recruited into the
retina. If so, their rapid local production may be critical in pro-
viding regulation early in the response before pathogenesis begins,
thus warding off disease onset at a time when the conditions are
more manageable. The role of pre-existing, circulating Tregs has
been more difficult to evaluate, since sustained, systemic deple-
tion of Tregs in the Foxp3-DTR/GFP mice leads to progressive,
lethal systemic autoimmunity (Kim et al., 2009). Several prelim-
inary trials testing the effect of systemic depletion of Tregs in the
Foxp3-DTR/GFP mice by DTx administration, with and without
the Pgal transgene in the retina or the BG1 TCR transgenes, failed
to produce evidence of inflammation or damage to the retina.
Although these trials were terminated at the first clear signs of
stress, they did not produce results that would suggest that pre-
formed Tregs were protecting the retina from autoimmunity. The
existing nTregs may lack specificity for a local retinal Ag, or access
to the retina, marginalizing their function in EAU. We interpret
these results as supporting our hypothesis that the Tregs that pro-
tect the retina, as demonstrated in Figure 6, may be made locally
and when needed.

Concerns for non-specific damage due to DTx-mediated injury
of murine cells not targeted to express the primate DTR have
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been raised. Although evidence for such damage has not been
substantiated by experimentation in other experimental models
(Kim et al., 2009), the possibility of toxicity was tested here. In
our studies of the retina, multiple injections of 25ng DTx into
the AC of C57BL/6]J control mice did not induce damage that
could be distinguished from similar injections of saline alone.
In conventional adoptive transfer experiments in which neither
the activated BG1 T cells nor the arrfgal recipients expressed
the DTR, no promotion of EAU was found. Control experi-
ments for the injury due to repeated AC injections, separate from
DTX toxicity, found that saline injections into the AC did not
promote EAU induction in mice following adoptive transfer of
activated BG1 T cells. Only local AC injection of DTx gave EAU
in the ipsilateral retinas, confirming the local DTx dependency of
the EAU.

The data presented here suggest several questions for future
experiments. Is the function of the Tregs that protect retina proac-
tive or reactive? Their numbers seem too sparse to be protective
in a proactive manner, but if injury or other stimulus led to their
rapid generation in the retina, where the target Ag was located,
they might be able to alter the activity of the pathogenic T cells as
they entered. If they are generated reactively, as part of the influx
of pathogenic T cells, are they long-lived or do they act in the

short term to protect only while the tissue is challenged with path-
ogenic T cells? The derivation of the Tregs is uncertain; although
they appear to act locally, based on the depletion studies, where
do they originate? Are they derived from naive cells, or from the
infiltrating, activated T cells with specificity for a local, retinal
antigen?

In the model we have described, the frequency of CD81Foxp3™
T cells is only 0.1% of the CD8 T cells, whereas the CD4 ™ Foxp3™
Tregs are approximately 9% of the CD4 T cells. The CD8*tVB7+
T cells are the only cells in these mice with known specificity
for the class I-restricted Pgal peptide. Although a number of
CD8™ Treg subsets have been described (Tsai et al., 2011), only
the Foxp3™-DTR/GFP™ subset can be the immediate precursors
for the DTx-sensitive cells with Treg activity in our study. Further
studies will be needed to determine the phenotype and specificity
of the DTx-sensitive Tregs.
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The interior of the eye, or uvea, is a site of immune privilege where certain immune
responses are attenuated or completely excluded to protect non-regenerating tissues
essential for vision. One consequence of this immunoregulation is compromised immune
mediated elimination of intraocular tumors. For example, certain murine tumor cell lines
which are rejected by host immune responses when transplanted in the skin grow
progressively when placed in the anterior chamber (a.c.) of the eye. Progressive ocular
tumor growth occurs despite induction of tumorspecific CD8+ T cell responses capable
of eliminating a subsequent tumor challenge in the skin or opposite eye. Why these CD8+
T effectors fail to eliminate established ocular tumors is not known. It is well appreciated
that growth of tumors in the a.c. induces the generation of immunosuppressive CD8+
T regulatory (Treg) cells. However, the contribution of CD8+ Treg in ocular tumor
progression remains unclear. Several studies indicate that these CD8+ Treg target
responding CD4+ T cells to inhibit their induction of macrophage-dependent delayed
type hypersensitivity (DTH) responses to tumor antigens (Ags). However, induction of
tumor-specific CD4+ T cell responses does not assure intraocular tumor elimination. This
review is focused on how CD8+ Treg could influence the tumoricidal activity of ocular
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INTRODUCTION

The concept of immune privilege was first advanced in the
1940s by the Nobel laureate Sir Peter Medawar. While study-
ing tissue transplantation he observed that foreign skin grafts
which were normally rejected when transplanted subcutaneously
(s.c.), persisted sometimes indefinitely when transplanted into
other sites that he termed “immune privileged” (Medawar, 1948).
One immune privileged site was the anterior chamber (a.c.) of
the eye, the aqueous humor (AqH) filled cavity located directly
below the cornea and above the lens (Figurel). As the a.c.
is separated by a blood—AqH barrier and lacks demonstrable
afferent lymphatic drainage, ocular immune privilege was orig-
inally explained by sequestration of ocular antigens (Ags) from
the circulating immune system. However, seminal findings by
Kaplan and Streilein in 1977 which demonstrated that anti-
body responses were generated to foreign Ags placed in the a.c.
(Kaplan and Streilein, 1977) clearly showed that the immune
system was not ignorant of ocular Ags. We now know that cer-
tain immune responses are attenuated or completely excluded
from the eye to protect non-regenerating ocular tissues essen-
tial for vision. This ocular immune privilege is maintained by
unique anatomical and biochemical features of the eye along
with the generation of systemic tolerance to ocular Ags which
is mediated by regulatory T cells (Treg). In this review we focus
on how CD8+ Treg generated during intraocular tumor growth
could influence the tumoricidal activity of tumor-specific CD8+
T effector cells.

MECHANISMS OF OCULAR IMMUNE PRIVILEGE

INFLUENCE OF OCULAR ANATOMY ON IMMUNE PRIVILEGE

The absence of afferent lymphatics (Bill, 1977), an avascular
cornea (Patel and Dana, 2009), and tight junctions between vas-
cular endothelial cells in the iris and retina (Crane and Liversidge,
2008) are barriers to the generation and expression of ocu-
lar immune responses. However, these barriers are not absolute
as administration of soluble Ags into the a.c. has been shown
to induce Ag-specific CD8+ (McKenna et al., 2002, 2005) and
CD4+ (Egan et al., 1996; Perez et al., 2000) T cell expansion
in the ipsilateral submandibular lymph nodes (LNs) and spleens
of mice. In addition, activated T cells can enter even a non-
inflamed retina to induce uveitis (Xu et al., 2003). Therefore,
ocular anatomy may increase the threshold for the generation
and expression of ocular immune responses but clearly does not
prevent them.

Ags encountered within the a.c are thought to exit the eye via
the normal drainage of AqH (Bill, 1977) (Figure 1 inset). AqH
is continually generated by the ciliary body, fills the a.c., and
then primarily drains via the trabecular meshwork and Schlem’s
canal directly into the blood stream. A much smaller percentage
of AqH travels by uveal-scleral flow into the cilary muscle and
then traverses the choroid and sclera to be drained by conjunctival
lymphatics (Bill, 1977). As we will discuss in subsequent sec-
tions, the spleen is essential for the generation of Treg which also
contribute to maintaining ocular immune privilege. Therefore,
preferential trafficking of ocular Ags via the bloodstream to the
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FIGURE 1 | Ocular anatomy and drainage. Anterior chamber (AC).

spleen may favor the induction of T cell tolerance. In addition,
antigen presenting cells (APCs) from the iris and ciliary body
have been shown to selectively traffic to the spleen (Wilbanks and
Streilein, 1992).

BIOCHEMICAL BARRIERS TO OCULAR IMMUNE RESPONSES

T cells recognize processed peptides presented on major histo-
compatibility complex (MHC) molecules. In general, peptides
presented by MHC Class I molecules are recognized by CD8+
T cells whereas CD4+ T cells recognize peptides complexed
with MHC Class II molecules (Figures 2A,B). CD8+ T cells dif-
ferentiate into cytotoxic T lymphocytes (CTL) which primarily
eliminate infected or malignant cells by release of lytic gran-
ules although cytokines are also released (Figure2A) whereas
CD4+ Thelper cells primarily release cytokines to influence
other immune cells. For example, during DTH responses, CD4+
T cells express IFNy and/or IL-17 which recruits and acti-
vates macrophages and neutrophils to promote inflammation
(Figure 2B). The response is delayed due to the requisite time for
Ag-specific T cells to expand in draining LN and then migrate to
the site of Ag exposure.

Although the majority of cells within the body express MHC
Class I molecules and can be induced to express MHC Class II
molecules by stimulation with interferon gamma (IFNYy), ocular
tissues demonstrate atypical expression of MHC Class I and II.
For example, corneal endothelial cells express very low levels of
MHC Class I which protects these non-regenerating cells from
lysis by CD8+ CTL (Abi-Hanna et al., 1988). Ocular melanocytes
are impaired in expression of MHC Class II which may mitigate

CD4+ T cell mediated inflammation (Radosevich et al., 2004,
2007).

AgH contains soluble immune suppressive molecules includ-
ing cytokines, neuropeptides, and growth factors that have been
shown to inhibit adaptive immune responses. Benezra and Sacks
documented over forty years ago that AqH could inhibit prolif-
eration of naive T cells following PHA stimulation (Benezra and
Sachs, 1974), and we now know that high concentrations of the
cytokine TGFP2 in AqH contributed to this suppression (Kaiser
et al., 1989; Cousins et al., 1991). TGFf2 is normally present in
a latent form within the AqH and elegant work by Masli and
coworkers demonstrated a critical role of thrombospondin-1 in
activation of latent TGFB2 to preserve ocular immune privilege
(Masli et al., 2006).

Taylor and coworkers have clearly shown that AqH directs
in vitro primed CD4+ T cells away from an IFNy express-
ing phenotype and toward a TGFP1 producing Treg type
(Taylor et al., 1997). Factors within AqH including TGFB2
and alpha-melanocyte stimulating hormone (¢-MSH) can alone
generate Treg (Nishida and Taylor, 1999). In combination,
a-MSH increases the frequency of Treg by abrogating the
anti-proliferative effects of TGFp (Nishida and Taylor, 1999).
Additional factors within AqH that favor Treg generation include
somatostatin which induces a-MSH production in T cells (Taylor
and Yee, 2003) and vasoactive intestinal peptide (VIP) which
inhibits I[FNy production in effector T cells (Taylor et al., 1994).

AgH also contains molecules that inhibit innate immune
responses. For example, high concentrations of ascorbic acid in
AgH have been shown to inhibit myeloperoxidase activity of
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FIGURE 2 | T cell recognition and response. Antigen recognition and response by (A) CD8+ cytolytic T lymphocytes (CTL) and (B) CD4+ T helper cells.
Antigen presenting cell (APC), cluster of differentiation (CD), delayed type hypersensitivity response (DTH), T cell receptor (TCR), major histocompatibility
complex (MHC), and red blood cell (RBC).

neutrophils (Rosenbaum et al., 1985) and macrophage migra-
tion inhibitory factor (MIF) in AqH inhibits NK cell activity
(Apte et al., 1998). AqH-mediated changes to the innate immune
response also influence the adaptive immune response. For exam-
ple, pretreatment of macrophages with TGFB2 decreased their
expression of CD40 and IL-12 and increased TGFf1 expression
(Takeuchi et al., 1998). Consequently, CD4+ T cells stimulated
with TGFB2 treated APC were deviated from IFNy producing
T cells to TGFB1 producing Treg (Takeuchi et al., 1998; Keino
et al., 2006b).

The interior of the eye is also lined by a continuous layer of
pigmented epithelial (PE) cells of the iris, ciliary body, and retina
along with the corneal endothelium. All of these ocular tissues
have been shown to induce T cells to become immunosuppressive
Treg in vitro (Sugita et al., 2006, 2008, 2009, 2011). Iris PE cells
best convert CD8+- T cells into Treg via their expression of CD86
which engages CTLA-4 on activated CD8+ T cells (Sugita et al.,
2008). In contrast, retinal PE cells and corneal endothelial cells
express CTLA-2a which better converts CD4+ T cells into Tregs
by decreasing cathepsin-L activity in T cells (Sugita et al., 2008,
2009). Expression of TGFB1 by CD8+ (Sugita et al., 2008) and
CD4+ Tregs (Sugita et al., 2006) contributes to their immuno-
suppressive activity. In addition, CD8+ Tregs generated by iris
PE express CD86 (Sugita et al., 2006) and the immnosuppressive
molecule programmed death 1 (PD-1) to suppress CTLA-4+ and
PD-1 ligand + T cell effectors (Sugita et al., 2010).

Cells lining the interior of the eye also express death induc-
ing molecules including CD95/FasL (Griffith et al., 1995a), and
PD-1 ligand (Hori et al., 2006) which can induce apoptosis of

effector T cells expressing CD95/Fas and PD-1 respectively. The
significance of these death-inducing molecules is very appar-
ent in corneal transplantation as corneal allografts deficient in
CD95/FasL (Stuart et al., 1997; Yamagami et al., 1997) or PD-1
ligand (Hori et al., 2006) are rejected with increased frequency.
Apoptotic CD4+ T cells were observed at the allograft junction
of accepted corneas whereas CD4+ T cells accumulated in reject-
ing corneal allografts (Hori et al., 2006) which supported a death
inducing mechanism for these molecules.

Taken together, the above data suggest a model (Figure 3) in
which activated effector T cells are inactivated by their conver-
sion into Treg as they extravasate from blood vessels and cross
epithelial boundaries to enter the eye. Those effectors that escape
this regulation may be converted into Treg by immunosuppres-
sive factors within ocular fluids, like AqH, or induced to undergo
apoptosis by death inducing molecules within the eye. Again,
these barriers to ocular immune responses are not absolute as
intravenous transfer of activated effector CD4+ T cells specific
for ocular Ags can induce either anterior (Lai et al., 1999) or
poster uveitis (Xu et al., 2003). Similarly, Zhou et al. (2012)
recently showed that effector T cells specific for a retinal Ag did
not become Treg when injected into the posterior chamber of
the eye (Zhou et al., 2012). In addition, naive mice are protected
from an ocular tumor challenge if first infused intravenously
with tumor-specific CD8+ T effectors (Niederkorn and Streilein,
1984). These data clearly indicate that activated effectors can over-
come immunosuppressive mechanisms within the eye. Hence,
these biochemical barriers must primarily raise the threshold of
expression of ocular immune responses.
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Table 1| Transplantable intraocular tumor models.

Tumor Tumor origin Recipient Antigens on Intraocular Skin tumor References

cell line mouse strain tumor tumor growth tumor growth

P815 DBA/2 Balb/C Minor MHC Progressive Rejection Niederkorn et al., 1981

P815 DBA/2 C57BI/6 Minor 4+ Major MHC Rejection Rejection Niederkorn et al., 1981

B16F10 C57Bl/6 Al Minor + Tumor Ag Progressive Rejection Niederkorn and Streilein, 1983b
B16F10 C57Bl/6 C57Bl/6 Tumor Ag Progressive Progressive Niederkorn, 1984

E.G7-OVA C57Bl/6 C57Bl/6 Ovalbumin Progressive Rejection McKenna and Kapp, 2006
Ad5E1 C57Bl/6 C57Bl/6 Adenovirus Rejection Rejection Schurmans et al., 2001
UV-5C25 C57Bl/6 C57Bl/6 Tumor Ag Rejection Rejection Knisely et al., 1987

P91 DBA/2 DBA/2 Tumor Ag Rejection Rejection Knisely et al., 1987

ANTERIOR CHAMBER ASSOCIATED IMMUNE DEVIATION (ACAID)
One consequence of stringent control of ocular immune
responses is compromised immune mediated elimination of
intraocular tumors. For example, certain murine tumor cell lines
(Table 1) that were rejected when transplanted in the skin grew
progressively when placed in the a.c. of the eye. Progressive
growth of these intraocular tumors was not due to a failure to
prime immune responses. Rather, CD8+ CTL (Niederkorn and
Streilein, 1983a; Ksander and Streilein, 1989) and cytotoxic anti-
body responses (Niederkorn and Streilein, 1982a) specific for
tumor Ags were equivalent or greater than those observed in
mice that rejected the same tumors in the skin. However, ocu-
lar tumor growth also generated immunosuppressive CD8+ Treg
that inhibited CD4+ T cell mediated DTH responses to tumor
Ags (Streilein and Niederkorn, 1985). This unique immune
response which was deviated from the conventional immune
response observed when tumors were injected in the skin was
described by the general term a.c. associated immune deviation
or ACAID.

ACAID has been primarily defined by suppression of DTH
responses to Ags that were first encountered in the a.c. and

has been demonstrated using tumors (Niederkorn et al., 1981),
haptenated splenocytes (Waldrep and Kaplan, 1983), viruses
(Ksander and Hendricks, 1987), and soluble Ags (Wilbanks and
Streilein, 1990). The induction of ACAID is a complicated pro-
cess which requires several tissues including the eye (Niederkorn
and Streilein, 1982b), spleen (Streilein and Niederkorn, 1981),
thymus (Wang et al., 1997), and sympathetic nervous system
(Lietal., 2004; Vega et al., 2009). The current paradigm for the
induction of ACAID (Figure 4) suggests that ocular Ags are pro-
cessed by F4/80+ macrophages that were influenced by TGFf2 in
AgH (Wilbanks et al., 1991, 1992; Wilbanks and Streilein, 1991).
These APCs travel from the eye via the bloodstream to the thymus
and marginal zone of the spleen. Within the thymus CD4— CD8—
NKT cells are generated (Wang et al., 2001) which migrate to the
marginal zone of the spleen via a MIP-2 chemokine gradient cre-
ated by F4/80+ macrophages from the eye (Faunce et al., 2001;
Faunce and Stein-Streilein, 2002). These F4/80+ macrophages
present Ags directly as well as release Ag which is internal-
ized, processed and presented by B cells (D’Orazio et al., 2001).
Coordinate interactions between F4/80+ macrophages (Lin et al.,
2005), B cells (D’Orazio et al., 2001), NKT cells (Sonoda et al.,
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1999; Sonoda and Stein-Streilein, 2002), and y8 T cells (Skelsey
et al., 2001; Xu and Kapp, 2002) along with production of IL-10
(D’Orazio and Niederkorn, 1998; Sonoda et al., 2001; Ashour and
Niederkorn, 2006) culminates in the generation of CD4+ and
CD8+ Treg which suppress the induction or expression of DTH
responses respectively (Streilein and Niederkorn, 1985; Wilbanks
and Streilein, 1990).

The significance of ACAID in ocular immune privilege is
clearly demonstrated in splenectomized mice in which ACAID is
terminated (Streilein and Niederkorn, 1981). Splenectomy pre-
vents the generation of CD4+ and CD8+ Tregs, restores DTH
responses to ocular Ags, and promotes spontaneous rejection
of immunogenic tumors placed in the a.c. which would other-
wise grow progressively (Streilein and Niederkorn, 1981). Corneal
allografts are also rejected with greater frequency in splenec-
tomized mice (Yamagami and Dana, 2001).

CD8+ Treg

T cells function to both eliminate pathogens and to resolve
immune responses which, if left uncontrolled, would cause
immunopathology and potentially autoimmunity. The seminal
experiments by Sakaguchi in 1995 identified that immunosup-
pressive CD4+ CD25(IL-2Ra)+ T cells protected mice from
autoimmunity mediated by CD4+ CD25— T cells (Sakaguchi
et al., 1995). These CD4+ Treg represented a distinct lineage

generated in the thymus which could be defined by expression
of the transcription factor forkhead box P3 (FoxP3) (Fontenot
etal., 2003). In addition to these “natural Treg,” peripheral CD4+
T cells could also be induced to express FoxP3 and demonstrated
regulatory activity although FoxP3 negative CD4+ T cells have
also been shown to be immunosuppressive (Shevach, 2009).

It is important to note that immunosuppressive activity of
T cells was first described twenty years earlier by Gershon
and Kondo (Gershon and Kondo, 1971) who demonstrated
that T cells could transfer Ag-specific tolerance to naive mice.
However, their “infectious tolerance” model was mediated by
CD8+ T cells. Like CD4+4 Treg, both natural and adaptive
CD8+ Treg have been described. For example, transfer of nat-
ural CD122(common y-chain receptor)+ CD8+ Treg prevented
autoimmunity normally observed in CD122 deficient mice (Rifa’i
et al., 2004). In addition, certain treatments (Glatiamer acetate
and Fc-ILT3) which mitigate autoimmune conditions are associ-
ated with an expansion of induced CD8+ Treg cells (Tennakoon
et al., 2006; Vlad et al., 2008). With the exception of FoxP3, there
are no well defined markers that distinguish CD8+ T effector cells
from CD8+ Treg cells.

IMMUNE RESPONSES TO INTRAOCULAR TUMORS

As mentioned previously, certain tumors transplanted in the a.c.
of the eye grow progressively despite induction of tumor-specific
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CTL (Niederkorn and Streilein, 1983a; Ksander and Streilein,
1989). A simple explanation for this phenomenon is that CD8+
CTL do not accumulate within the eye, either because they fail to
infiltrate ocular tumors or because they undergo apoptosis within
the eye due to ocular expression of death inducing molecules
(Griffith et al., 1995a; Yamagami et al., 1997; Hori et al., 2006).
However, this is clearly not the case as primary uveal melanomas
are often infiltrated by CD8+ T cells (de la Cruz et al., 1990; Durie
et al., 1990; Meecham et al., 1992; Ksander et al., 1998; McKenna
etal., 2009). Similarly, CD8+ T cells accumulated within progres-
sively growing tumors transplanted in the a.c. of mice (Ksander
et al., 1991; Vicetti Miguel et al., 2010), and T cells isolated
from spleens of mice primed to tumor Ags protected naive mice
from an ocular tumor challenge when transferred intravenously
(Niederkorn and Streilein, 1984). As transferred T cells influ-
enced tumor numbers within the a.c., these data also indicated
that T cells could exert their tumoricidal effector function within
the immune privileged eye at least in some circumstances. These
data also argue against a conversion of CD8+ CTL into CD8+
Treg within the eye.

Progressive growth of tumors in the a.c. fails to gener-
ate CD44 T cell dependent DTH responses to ocular tumor
Ags (Niederkorn and Streilein, 1983a; Streilein and Niederkorn,
1985), and restoration of these DTH responses has been associ-
ated with rejection of intraocular tumors. For example, splenec-
tomized Balb/C mice spontaneously eliminated P815 tumors
placed in the a.c. and DTH responses to tumor Ags were
restored (Streilein and Niederkorn, 1981). Similarly, P91 tumors
(a P815 variant) induced strong DTH responses when trans-
planted in the a.c. of syngeneic DBA/2 mice and these intraocular
tumors were also rejected (Niederkorn and Meunier, 1985). The
immunopathological features of intraocular P91 tumor rejection
resembled a DTH response as there was neutrophil infiltration,
extensive damage to normal ocular tissues (including destruc-
tion of the microvasculature), and ischemic bulk necrosis (Knisely
et al., 1987) resulting in ocular atrophy, termed phthsis. While
these data suggested that DTH responses were critical for ocular
tumor elimination, additional experiments showed that adminis-
tration of anti-CD4 antibodies, which abrogated DTH responses
measured in the footpad, did not prevent rejection of intraocular
P91 tumors (Niederkorn et al., 1990). Similarly, we have observed
that phthsical rejection of P815 tumors in splenectomized Balb/C
mice was not influenced by CD4+ T cell depletion (our unpub-
lished observations). In contrast, CD8 T cell depletion resulted
in progressive growth of P815 (our unpublished observation
and P91 tumors in the a.c. of DBA/2 mice (Niederkorn et al.,
1990) although strong P91-specific DTH responses were observed
in the footpad (Niederkorn et al., 1990). These data indicated
that CD4+4 T cell mediated DTH responses to tumor Ags were
excluded from the eye. More importantly, CD8+ and not CD4+
T cells were most critical for elimination of intraocular P91, or
P815 tumors by inducing expression of a “DTH like” immune
response within the eye.

The immune suppressive mechanisms that normally exclude
CD4+ T cell mediated DTH responses from the eye have not
been defined. However, CD4+ T cell infiltration of ocular tumors
does not appear to be compromised as Ad5El tumors are

spontaneously rejected when placed in the a.c. by a process that
requires CD4+ T cells, macrophages, and IFNy (Schurmans et al.,
2001; Wang et al., 2003; Boonman et al., 2006; Dace et al.,
2008). Rejection of these ocular tumors is due to direct effects of
IFNYy on tumors as Ad5E1 were also rejected in IFNYy receptor 1
(IFNyR1) deficient mice (Dace et al., 2007). As Ad5E1 tumors do
not express MHC Class II these data suggest a model in which
CD4+ T cells infiltrating ocular tumors express [FNy only after
engaging tumor Ags complexed with MHC Class II that are pre-
sented by ocular APC, most probably intratumoral macrophages.
The direct effects of IFNy on Ad5E1 tumors include inhibit-
ing proliferation, and inducing expression of the death inducing
molecule TRAIL-R2 and several anti-angiogenic molecules which
in combination leads to non-phthsical ocular tumor elimination
(Wang et al., 2003; Dace et al., 2007, 2008). Interestingly, Coursey
and coworkers recently identified an Ad5E1 variant (Clone 2.1)
that was rejected in a phthsical manner (Coursey et al., 2011).
Destructive rejection of these tumors required CD4+ T cells and
nitric oxide producing macrophages. TNFa expression was criti-
cal for inducing Ad5E1 tumor death in a manner which promoted
differentiation of tumoricidal macrophages.

INFLUENCE OF Treg CELLS ON INTRAOCULAR TUMOR GROWTH

Administration of tumors into the a.c. of the eye induces CD8+
Tregs which transfer suppression of DTH responses to recipient
mice (Streilein and Niederkorn, 1985). These CD8+ Treg are not
generated in splenectomized mice that reject tumors transplanted
in the a.c. so it is tempting to speculate that they contribute to
progressive intraocular tumor growth. However, it is important
to note that these Treg do not inhibit the generation of sys-
temic CD8+ CTL or antibody responses directed against ocular
tumors (Niederkorn and Streilein, 1983a; Ksander and Streilein,
1989). Therefore, their immunosuppressive effects could only be
at the “efferent” stage of the immune response targeting effec-
tor immune cells within primary ocular tumors. This notion is
somewhat complicated by the observation that mice bearing pro-
gressively growing tumors in one eye reject a subsequent tumor
challenge in the opposite eye or skin— a phenomenon termed
“intracamerally induced concomitant immunity” (Niederkorn
and Streilein, 1983b; McKenna and Kapp, 2006). The induction
of CD8+ Treg and CD8+ CTL occur with similar kinetics requir-
ing at least 7-10 days to develop (Streilein and Niederkorn, 1981;
McKenna and Kapp, 2006). Therefore as the second tumor chal-
lenge occurred at a time when CD8+ Treg would have already
developed these data indicate that Treg do not influence the
tumoricidal activity of immune responses within the microen-
vironment of the subsequent tumor challenge. However, the
requirements for rejection of established primary ocular tumors
could be different from those necessary to reject subsequent
tumor challenges and thus more or less sensitive to immunoregu-
lation. For example, although Ad5E1 tumors are spontaneously
rejected in the a.c. of C57Bl/6 mice by a process that requires
CD4+ T cells, macrophages and IFNy (Schurmans et al., 2001;
Wang et al., 2003; Boonman et al., 2006; Dace et al., 2007, 2008),
IFNy deficient mice reject Ad5E1 tumors placed s.c. in the skin
and these mice also reject a subsequent Ad5E1 challenge in the
a.c. (Dace et al., 2008). Hence, IFNY is required for rejection of
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established Ad5E1 ocular tumors but not for protection from a
subsequent ocular tumor challenge.

Tumor burden is also significantly greater in established ocu-
lar tumors thereby requiring a stronger immune response to
promote tumor elimination which should be more sensitive to
immunoregulation. For example, serum or LN cells from mice
immunized with P815 tumors s.c. protected naive mice from an
ocular tumor challenge if given 7 days before or at the same time
as tumor administration in the a.c. but not if given four days
after tumor inoculation (Niederkorn and Streilein, 1984). It is
important to note that the kinetics and consequences of rejec-
tion of intraocular tumors by transferred sera or immune cells
were different and significant. Ocular tumors never developed in
mice given immune sera and the eye was preserved (Niederkorn
and Streilein, 1984) suggesting that cytotoxic antibodies imme-
diately eliminated tumors in the a.c. of the eye. In contrast,
mice given immune LN cells developed established intraocular
tumors which were then rejected by a process that caused phthsis
(Niederkorn and Streilein, 1984). These data suggest that T cell
and macrophage dependent DTH responses were involved in
tumor elimination. Therefore, CD8+ Treg could target effector
T cells or macrophages within ocular tumors to inhibit expression
of DTH responses within the eye and as a result promote ocular
tumor growth.

MECHANISMS OF SUPPRESSION BY CD8+ Treg IN ACAID
Characterization of the immune suppressive activity of CD8+
Treg in ACAID has relied entirely on assays that evaluate the
inhibition of DTH responses. Specifically, splenocytes from mice
given Ag in the a.c. have been shown to inhibit DTH responses
when transferred to recipient mice previously immunized with
the same Ag (Streilein and Niederkorn, 1985; Wilbanks and
Streilein, 1990). In addition, splenocytes from mice given Ag in
the a.c. were shown to suppress DTH responses when injected
into the skin along with Ag and responder splenocytes from
mice immunized with the same Ag in adjuvant. In this “local
adoptive transfer assay” (LAT), responder cells alone induced
DTH responses and these responses were not suppressed by naive
T cells, or splenocytes from mice given Ag s.c. but only by spleno-
cytes from mice given Ag in the a.c. Further experimentation
indicated that the splenic regulatory cell was a CD8+ T Cell
(Wilbanks and Streilein, 1990) and this observation has been
very reproducible in several different laboratories (Griffith et al.,
1996; Nakamura et al., 2003; Cone et al., 2007; Paunicka et al.,
2011).

CD8+ Treg isolated from mice given Ag in the a.c. suppress
DTH responses in an exquisitely specific manner. For example,
splenic CD8+ T cells from mice given bovine serum albumin
(BSA) in the a.c. suppress BSA-specific responder cells but not
OVA-specific responder cells even if both BSA and OVA Ag are
co-injected in the LAT assay to activate BSA-specific CD8+ Treg
(Wilbanks and Streilein, 1990). These data clearly argue against
“linked suppression” in which CD8+ Treg target APC that express
both Ags (Kapp et al., 2006, 2007).

The cellular target of CD8+ Tregs and their mechanism
of immune suppression in the DTH response have not been
fully elucidated. However, in a related system in which CD8+

Tregs were generated after intravenous injection of TGFp2-
treated Ag-pulsed macrophages, these CD8+ Treg inhibited DTH
responses by inducing apoptosis of responder T cells through
a Fas/FasL dependent mechanism (Kosiewicz et al., 2004).
Similarly, Griffith and coworkers recently demonstrated that
CD8+ Treg generated by the administration of HSV-1, or hap-
tenated splenocytes (TNP-SPL) in the a.c. suppressed DTH
responses by an apoptotic mechanism involving TRAIL/DR5
interactions (Griffith et al., 2011). In a third system in which
CD8+ Treg were generated by injection of haptenated soluble
Ag in the a.c., Cone and coworkers also showed that responding
T cells were targeted by CD8+ Treg to suppress DTH responses
(Cone et al., 2009b). Recognition of responding T cells by CD8+
Treg was restricted by Qa-1 and not MHC Class I (Cone et al,,
2009a) which was consistent with the requirement for Qa-1 pre-
sentation of Ags by B cells in the generation of CD8+ Treg in
ACAID (D’Orazio et al., 2001).

CD8+ Treg that recognize T cell receptor (TCR) peptides pre-
sented by Qa-1 have been shown to lyse VB3+ CD4+ T cells
which normally expand in mice given the superantigen staphy-
lococcal enterotoxin A (SEA) (Hu et al., 2004). These data suggest
that under certain circumstances CD8+ Treg are primed to TCR
determinants expressed by responding CD4+ T cells. Recognition
of a TCR expressed by CD4+4 T cells which expanded to Ags
administered in the a.c. would nicely explain the specificity of
CD8+ Treg in suppression of DTH responses in ACAID. As
previously described, ACAID CD8+ Treg only suppress DTH
responses to the same Ag as was originally delivered in the a.c.
(Wilbanks and Streilein, 1990). Therefore, these data suggest a
model in which CD8+ Treg eliminate responding T cell pop-
ulations by recognizing a unique TCR determinant presented
by Qa-1 on T cells (Figure 5A). In support of this model two
independent laboratories have identified Ag-specific TCR pro-
teins in serum after administration of Ag in the a.c. which
transfer tolerance to naive recipient mice (Ferguson et al., 1989;
Griffith et al., 1995b; Hadjikouti et al., 1995). In addition, CD8+
Treg which suppress OVA-specific DTH responses can be gen-
erated by injection of the class II restricted peptide OVA323_339
(Kosiewicz and Streilein, 1996) which supports that CD8+ Treg
in ACAID are not restricted by MHC Class I and could indi-
cate that CD8+ Treg recognized a TCR determinant expressed by
responding OVA33_339-specific CD4+ T cells. The inhibition of
DTH responses by CD8+ Treg was also associated with absence
of immune infiltrates at the site of the LAT assay in the skin which
is consistent with elimination of responder T cells (Cone et al.,
2009a).

A significant caveat to this model is that CD8+ Treg were also
generated in CD4+ deficient MHC Class II—/— mice given sol-
uble Ag in the a.c. (Nakamura et al., 2003). Therefore, CD8+
Treg with specificities other than TCR expressed by CD4+ T cells
may also be generated. For example, CD8+ OT-I TCR transgenic
T cells which recognize OVA peptide 257264 complexed with
Class I K® were induced to become non-lytic CD103+ CD84- Treg
when stimulated with OVA-pulsed-TGFp2 treated macrophages
(Kezuka and Streilein, 2000; Keino et al., 2006a). These OT-I
Treg were similar to those observed in ACAID in that they sup-
pressed DTH responses in a LAT assay (Kezuka and Streilein,
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FIGURE 5 | Mechanisms of immunosuppression by CD8+ Treg. CD8+ Tregs may inhibit DTH responses by inducing apoptosis of CD4+ T cell effectors or
macrophages (A) or by functionally inactivating these immune populations via TGFb1 expression (B).

2000; Keino et al., 2006a). However, their cellular target may
be APC (macrophages and/or dendritic cells) and not respon-
der CD4+ T cells (Figure 5B) as Kapp and coworkers showed
in a similar system that OT-1 Treg reduced expression of the
costimulatory molecule, CD86, on dendritic cells (Kapp et al.,
2006). TGFP has been shown to reduce costimulatory molecule
expression on APC (Takeuchi et al., 1998) and is required for
the suppressive activity of CD8+ Treg in ACAID (Cone et al.,
2009b; Jiang et al., 2009) which could suggest additional non-
lytic mechanism for inhibiting DTH responses. However, the
suppression of immune responses by non-lytic OT-I CD8+ Treg
does not require TGFp (Kezuka and Streilein, 2000; Kapp et al.,
2006) indicating that other immunosuppressive mediators may
be involved. It is important to note that the potential contribu-
tion of CD8+ Treg in promoting ocular tumor growth would
require their recognition of non-CD4+ T cells because CD4+
T cells do not contribute to elimination of intraocular P91
or P815 tumors (Niederkorn et al., 1990 and our unpublished
observations). Therefore, CD8+ CTL effectors or intratumoral
macrophages are logical targets of CD8+ Treg in the ocular tumor
microenvironment (Figure 6).

INDIRECT TUMORICIDAL ACTIVITY OF CD8+ T CELLS

CD8+ T cells play a critical role in immunosurveillance of
tumors by recognition of processed peptides presented by MHC
Class I molecules on the tumor cell surface. Through release of
cytotoxic granules containing granzyme B and perforin CD8+
CTL directly lyse tumor cells (Simon et al., 1997). In addition,
CD8+ CTL express IFNy which can induce apoptosis of certain

tumors (Wall et al., 2003) and/or influence hematopoietic and
non-hematopoietic cells within the tumor microenvironment to
affect tumor growth (Blankenstein, 2005). For example, IFNy
dependent regression of B16-OVA melanomas transplanted in
the skin by CD8+4 OVA-specific OT-I T cell effectors required
IENYR1 expression by host cells (Schuler and Blankenstein,
2003). An inhibition of tumor angiogenesis preceded tumor
regression in other models of IFNy mediated rejection of tumors
by CD8+ T cells suggesting that IFNy targeted vascular endothe-
lial cells, fibroblasts, and/or pro-angiogenic macrophages (Qin
et al., 2003).

IFNy may also promote tumoricidal activity in other immune
cell populations within the tumor microenvironment. For exam-
ple, regression of established E.G7-OVA skin tumors by CD8+
OT-1 CTL effectors required IFNy but not perforin expression
by transferred T cells (Hollenbaugh et al., 2004; Hollenbaugh
and Dutton, 2006). IFNyR1 and inducible nitric oxide synthase-2
(NOS2) expression in recipient mice were also required for
tumor regression which indicated that CTL-expressed-IFNYy tar-
geted host cells to eliminate skin tumors (Hollenbaugh et al.,
2004; Hollenbaugh and Dutton, 2006). We recently demon-
strated that transferred OT-I CTL induced F4/80+ macrophages
within E.G7-OVA skin tumors to express tumoricidal concen-
trations of nitric oxide (NO) (Vicetti Miguel et al., 2010).
Hence CD8+ T cell elimination of established E.G7-OVA skin
tumors was indirect via their induction of tumoricidal activity
in intratumoral macrophages. In contrast, established intraoc-
ular E.G7-OVA tumors were resistant to OT-I CTL transfer
therapy although CTL infiltrated primary intraocular tumors and
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FIGURE 6 | Potential targets of CD8+ Treg in intraocular tumors.
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expressed IFNy which induced macrophages to express NOS2
protein; the enzyme responsible for NO production. However,
ocular tumor associated macrophages did not produce apprecia-
ble amounts of NO and were not tumoricidal (Vicetti Miguel
et al., 2010). Therefore, factors within the immune privileged
eye normally inhibit NOS2 enzymatic activity in macrophages
which contributes to ocular tumor progression. These data
highlight that the interplay between CD8+ T cells and intra-
tumoral macrophages is critical for elimination of intraocu-
lar tumors and represents a potential target of CD8+ Treg
(Figure 6).

UVEAL MELANOMA

Immune suppressive mechanisms, which maintain ocular
immune privilege, should theoretically decrease immunosurveil-
lance of intraocular malignancies. However, the most common
intraocular tumor, uveal melanoma (UM), is a rare malig-
nancy. The frequency of UM is over 30 times lower than cuta-
neous melanoma (Singh and Topham, 2003; Garbe and Leiter,
2009). One explanation for this paradox is that the expres-
sion of death inducing molecules within the eye limits tumor
outgrowth. For example, tumor necrosis factor (TNF) related
apoptosis inducing ligand (TRAIL) is expressed by tissues lining
the interior of the eye (Lee et al., 2002) and targets trans-
formed cells for apoptosis (Wiley et al., 1995). P815 tumor cells
transduced to express TRAIL receptor DR5 failed to develop
into ocular tumors when injected into the a.c. of the eye of
Balb/C mice (Lee et al., 2002) which supports this notion.
Therefore, the lower frequency of ocular malignancies may be
due to augmented expression of death inducing molecules that
induce apoptosis in transformed cells. However, when trans-
formed cells become resistant to apoptosis several observations
suggest that ocular immune privilege favors tumor growth and
persistence.

Uveal melanoma is unique in that primary tumors with an
“inflammatory phenotype,” characterized by significant infiltra-
tion with CD8+ T cells and CD68+ macrophages, are generally
larger more vascularized tumors which express a genetic profile
indicative of greater risk of liver metastasis (Maat et al., 2008).
These data suggest that tumor-specific ocular immune responses
are somehow converted within the ocular tumor microenviron-
ment to favor tumor growth which is consistent with immuno-
suppression by ocular immune privilege.

CD8+ T cell function may be impaired within primary uveal
melanomas as reduced CD3zeta chain expression, a marker of
T cell dysfunction, was observed in T cells infiltrating ocu-
lar tumors that ultimately metastasized to the liver (Staibano
et al., 2006). In addition, T cells isolated from primary uveal
melanomas were generally non-responsive, proliferating poorly
after stimulation (Ksander et al., 1998). In other malignancies
reduced CD3zeta chain expression correlated with increased fre-
quencies of activated CD11b+ CD15+ granulocytes in the blood
(Schmielau and Finn, 2001; Zea et al., 2005) and we recently
showed that CD11b+ CD15+ granulocytes were increased in a
cohort of patients with primary UMs (McKenna et al., 2009)
suggesting a possible mechanism for CD3zeta chain downmod-
ulation. Although CD8+ T cells within primary UM appear to
proliferate poorly, they still accumulate within primary uveal
melanomas and indirect evidence suggests that they produce
IFNy. For example, primary UMs with increased numbers of
CD8+ T cells are associated with increased HLA expression (de
Waard-Siebinga et al., 1996) which is known to be influenced by
IFNy (de Waard-Siebinga et al., 1995). Moreover, in the E.G7-
OVA/C57Bl/6 mouse model of intraocular tumor development
we observed that CD8+ T cells which infiltrated intraocular
tumors expressed IFNy at levels which were equivalent to those
observed in CD8+ T cells that infiltrated skin tumors (Vicetti
Miguel et al., 2010).
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IFNy may actually promote immune evasion by ocular tumors
as primary uveal melanoma lines treated with IFNy expressed
PD-L1 which inhibited T cell function in vitro (Yang et al., 2008).
Similarly, IFNy rendered uveal melanoma cell lines resistant to
lysis by CD8+ T cells (Hallermalm et al., 2008). In addition,
IENYy is required for expression of the suppressive activity of
CD8+ Treg in ACAID (Cone et al., 2007; Paunicka et al., 2011).
Therefore, another explanation for primary uveal melanoma
growth despite infiltration by CD8+ T cells is that these CD8+
T cells are not tumoricidal effectors but rather immune suppres-
sive Treg.

As previously described the transcription factor FoxP3 faith-
fully identifies naturally occurring CD4+ Treg in mice and is also
expressed in some induced CD4+ and CD8+ Tregs (Shevach,
2009). Two studies recently evaluated FoxP3 expression on T cells
infiltrating primary uveal melanomas (Lagouros et al., 2009;
Mougiakakos et al., 2010). FoxP3 expression was observed only
in CD4+ T cells and their numbers were generally very low and
correlated with the size of tumors and frequency of CD3+ T cells
(Lagouros et al., 2009). As both tumor size and CD3+ T infiltra-
tion are negative prognostic indicators (Damato et al., 2011), it
is difficult to discern the influence of CD4+4 FOXP3+ Treg on
tumor progression. However, the presence of FOXP3+ Treg in
cycloxygenase-2 (COX-2) positive tumors did predict poor sur-
vival of uveal melanoma patients (Mougiakakos et al., 2010). It
is important to note that these studies could not exclude that
infiltrating CD8+ T cells, though FoxP3 negative, were immuno-
suppressive Treg.

Macrophages have also been shown to influence tumor growth
(Mantovani et al., 2002). For example, macrophages stimulated
with IFNy and LPS, termed M1, demonstrate tumoricidal activity
through expression of reactive oxygen and nitrogen production.
In contrast, macrophages stimulated with IL-4 and IL-13, termed
M2, are not tumoricidal and actually tumor promoting via
expression of angiogenic factors including VEGE. Macrophages
within primary uveal melanomas express CD163 which is a
marker of M2 macrophages (Bronkhorst et al., 2010) and primary
UMs heavily infiltrated with macrophages are more vascular-
ized (Makitie et al., 2001). Taken together these data suggest

that ocular tumor associated macrophages may promote tumor
growth by inducing tumor angiogenesis. Therefore, it is pos-
sible that CD84 Treg may contribute to ocular tumor growth
by maintaining ocular tumor associated macrophages in an M2
phenotype.

CONCLUSIONS

It is very clear that progressive growth of intraocular tumors
generates CD8+ Treg that inhibit CD4+ T cell dependent DTH
responses to tumor Ags. However, as restoration of CD4+ T cell
responses to tumor Ags does not assure ocular tumor elimina-
tion the contribution of CD8+ Treg in ocular tumor progression
remains unclear. Interestingly, rejection of certain tumors trans-
planted into the a.c. of the eye involves a destructive process
resembling a “DTH-like” response that requires CD8+ T cells
and IFNy. As several observations indicate that T cell production
of IFNY is not impaired within ocular tumors, CD8+ Treg may
target macrophages in progressively growing ocular tumors to
prevent their expression of inflammatory mediators that promote
DTH responses which destroy the tumor vasculature, and/or
directly kill tumor cells (Figure 6). One challenge to defining
the role of CD8+ Treg in ocular tumor progression is a specific
marker that discerns CD8+ CTL effectors from CD8+ Tregs.
While the selective expression of CD103 on in vitro generated
CD8+ Treg is encouraging (Keino et al., 2006a), in vivo expres-
sion of CD103 by ACAID CD8+ Treg has not been shown. Future
experimentation which compares and contrasts tumor-specific
immune responses in splenectomized mice that do not gener-
ate CD8+ Treg and eliminate tumors placed in the a.c. to mice
with progressively growing intraocular tumors should help to
define potential targets for CD8+ Tregs and may identify novel
molecules expressed by CD8+ Treg.
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Understanding of ocular diseases and the search for their cure have been based on the
common assumption that the eye is an immune privileged site, and the consequent con-
clusion that entry of immune cells to this organ is forbidden. Accordingly, it was assumed
that when immune cell entry does occur, this reflects an undesired outcome of breached
barriers. However, studies spanning more than a decade have demonstrated that acute
insults to the retina, or chronic conditions resulting in retinal ganglion cell loss, such as in
glaucoma, result in an inferior outcome in immunocompromised mice; likewise, steroidal
treatment was found to be detrimental under these conditions. Moreover, even conditions
that are associated with inflammation, such as age-related macular degeneration, are not
currently believed to require immune suppression for treatment, but rather, are thought
to benefit from immune modulation. Here, we propose that the immune privilege of the
eye is its ability to enable, upon need, the entry of selected immune cells for its repair
and healing, rather than to altogether prevent immune cell entry. The implications for acute
and chronic degenerative diseases, as well as for infection and inflammatory diseases, are
discussed.

Keywords: immune privilege, visual system, immunomodulation, neuroprotection and neuronal repair, inflamma-

tion

INTRODUCTION

Over the past decades, the mammalian central nervous system
(CNS), including the eye, brain, and spinal cord, were believed
to be sealed from the circulation. Thus, immune activity at these
sites was considered forbidden, and was collectively assumed to
be consistently detrimental. As a consequence, the inflammatory
response in the eye or the brain was assessed solely based on
counting the number of immune cells, without regard to their
phenotype or function. Thus, the poor ability of the optic nerve
to regenerate following injury, as well as the poor recovery fol-
lowing acute injury to any other parts of the CNS, were assumed
to be an outcome of local detrimental immune activity seen at
the lesion site (Fitch etal., 1999; Popovich etal., 1999; Ghirnikar
etal,, 2001). Such a view was almost universally accepted from
the early 1980s and supported the use of anti-inflammatory drugs
to treat victims of CNS injuries (Constantini and Young, 1994;
Carlson etal., 1998).

With time and the advance of technologies, there was an
increase in the understanding of the heterogeneity of innate and
adaptive immunity in general, and in the CNS in particular, with
respect to both functional cell subsets (Korn et al., 2007; Gee et al.,
2008; O’Shea etal., 2008; Auffray etal., 2009; Prinz etal., 2011;
Zhuetal.,2011) and origin (Geissmann et al., 2010; Ginhoux et al.,
2010; Prinz etal., 2011). As a corollary, it became clear that some
of the blanket assumptions regarding the eye and the brain were
not accurate, and, accordingly, that some experimental findings
had not been properly interpreted. Thus, it became evident that
the response to CNS injury, similar to that in other tissues in the
body, is a multi-step process that requires a set sequence, and
synchrony of events in time and space; many of the steps that

take place in the healing process following “sterile” injuries are
similar if not identical to processes occurring outside the CNS with
respect to the immune response (Dusart and Schwab, 1994; Frank
and Wolburg, 1996; Arnold etal., 2007; Nahrendorf etal., 2007;
Rolls etal., 2009; Shechter etal., 2009; Stirling et al., 2009; London
etal., 2011). The early innate immune response involves cells that
are needed for cleaning the lesion site, yet the activity of these
cells must be followed by immune cells that terminate this initial
response and subsequently contribute to the repair. Both stages
involve innate immune cells of distinct phenotypes; the cells that
contribute to the termination of the local early response are largely
monocyte-derived macrophages that acquire and exert a local anti-
inflammatory function (Kigerl etal., 2009; Shechter etal., 2009;
London etal, 2011; Zhu etal., 2011). The obvious question is
how such a response can be reconciled with the traditional view
of the eye as an immune privileged site; do these findings change
our understanding of the privilege, or do they require breaking of
privilege under severe conditions? Here, focusing on the eye, we
will discuss a different view of the physiological meaning of the
CNS as an immune privileged site, and its manifestations under
pathological conditions.

THE EYE AS AN IMMUNE PRIVILEGED ORGAN

Immune privileged organs were operationally defined as sites in
the body where foreign tissue grafts can survive for extended, often
indefinite periods of time, whereas similar grafts placed at regular
sites in the body are acutely rejected (Medawar, 1948). These
organs include the eye and the brain, as well as the pregnant uterus,
testis, and several others (Streilein, 2003b; Niederkorn, 2006). Such
immune privilege is thought to be an evolutionary adaptation to
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protect tissues that are indispensable, yet have limited regeneration
capacity, like the brain and the eye, from the potentially damag-
ing effects of an uncontrolled inflammatory immune response.
Thus, immune privileged organs were considered as ones to which
immune cell entry is forbidden; leukocytes were believed to be
excluded from these vital organs by the presence of specialized
physical barriers, the blood—tissue barriers.

In contrast to the previous view that immune privilege is
maintained by immune cell exclusion, it is now increasingly
accepted that the privileged status is preserved by local active
mechanisms that suppress responses to antigens within the privi-
leged tissues (Niederkorn and Stein-Streilein, 2010). In the eye,
one such mechanism is anterior chamber-associated immune
deviation (ACAID), referring to a phenomenon in which antigenic
material introduced into the anterior chamber of the eye elicits
a systemic immune response that results in immune deviation,
characterized by the suppression of T cell-mediated immunity,
while enabling the production of non-complement-fixing anti-
bodies (Kaplan etal., 1975; Streilein, 2003b; Niederkorn, 2006).
ACAID involves the migration of specialized antigen presenting
cells from the eye to the thymus and spleen, and is associated with
an elevation in regulatory, yd, and natural killer T cells (Streilein,
2003b; Niederkorn, 2006). Other mechanisms aimed at maintain-
ing the immune privileged state of the eye include the reduced
expression of MHC molecules on ocular cells, and the existence
of an intraocular anti-inflammatory environment, mediated by
resident cells, and various molecules, both surface-bound and
soluble, all of which serve to modulate the activity of infiltrat-
ing immune cells, in situ (Streilein, 2003b; Schewitz-Bowers et al.,
2010; Zhou etal., 2012). These well-orchestrated, multifaceted
mechanisms, known to involve numerous pathways, were long
thought to be designed to ensure limited infiltration of circulating
immune cells to the eye, leaving behind a tissue that was consid-
ered autonomous in terms of repair. It is puzzling, however, why
a fragile and precious organ such as the eye would evolve such
complex tolerance mechanisms, if their sole purpose were to guar-
antee immune ignorance. Moreover, several studies have shown
thatimmunocompromised mice exhibit worse recovery from optic
nerve and retinal insult than do their immunocompetent counter-
parts (Kipnis etal., 2001; Schori etal., 2001; Yoles etal., 2001),
similar to the case in peripheral nerve injury (Serpe etal., 1999).
Similarly, recent studies have demonstrated that well-regulated
immune responses in the CNS, rather than immune ignorance, are
optimal for the recovery of the tissue after insult, whether sterile
or immune-induced (Kerr etal., 2008; Shechter etal., 2009; Caspi
etal., 2011; London etal., 2011; London etal., under revision).
Thus, it is becoming increasingly clear that immune privilege is
not aimed at entirely suppressing immune responses in the target
organ, but rather at maintaining a specialized, tightly regulated
immunological niche to preserve the integrity of especially vul-
nerable organs, such as the brain and the eye (Streilein, 2003b;
Niederkorn, 2006).

REGULATED IMMUNE RESPONSES ARE BENEFICIAL IN
MITIGATING EYE PATHOLOGIES

Inflammation is the body’s adaptive response to any insult,
be it mechanical, biochemical, or immune-mediated. However,

inflammation is beneficial only on the condition that it ends in
active resolution (Gronert, 2010). Studies on wound healing out-
side the CNS have characterized distinct subsets of macrophages
that infiltrate the site of injury and display different functions cor-
responding to the changing needs of the tissue along the course
of healing; these include the clearing of dead cells and tissue
debris at the first stage, and the secretion of anti-inflammatory
cytokines and growth factors at the later stage, to aid tissue
regrowth and restoration of immune homeostasis (Arnold etal.,
2007; Nahrendorf etal., 2007). Recently, our team demonstrated
that a subset of monocyte-derived macrophages, which manifests
an immune-resolving phenotype, is essential for the resolution
of inflammation after sterile insults, in models of spinal cord
injury and retinal glutamate intoxication (Shechter etal., 2009;
London etal., 2011). In both of these cases, such macrophages
were found to be crucial for recovery, as was measured by a
functional motor scale after spinal cord injury, and directly in
terms of cell survival in the retina. Thus, despite the classifi-
cation of these organs as immune privileged, they nevertheless
derive benefit from the controlled recruitment of innate immune
cells from the circulation, to assist in their healing. Notably,
while the CNS contains its own population of immune cells,
the resident microglia, we have shown that infiltrating blood-
derived macrophages are nonetheless crucial for neuroprotective
and anti-inflammatory activities at the injury site; we have there-
fore proposed that the infiltrating cells fulfill specialized functions
in the recovery process, which the resident immune cells either
fail to display, or at least do not manifest at the right time
or at sufficient levels (Shechter etal., 2009). In animal mod-
els of optic nerve injury, it was found that macrophages can
modify the non-permissive nature of the optic nerve for regen-
eration in vitro (David etal., 1990), and that transplantation of
activated macrophages into the injured optic nerve can facili-
tate regrowth in vivo (Lazarov-Spiegler etal.,, 1996). In line with
these observations, the important contribution of a macrophage-
derived molecule, oncomodulin, to the regeneration of the optic
nerve, was identified by Benowitz and colleagues (Yin etal., 2006,
2009; Cui etal., 2009), who coined the term “inflammation-
induced regeneration.” Collectively, these results attribute to
innate immunity an important role in eye repair, and reveal the
ability of macrophages to orchestrate neuroprotection and axonal
regeneration.

The beneficial role of adaptive immunity in neuroprotec-
tion was initially observed in animal models simulating different
aspects of glaucoma, where it was found that the extent of retinal
ganglion cell loss is increased in immunocompromised animals
relative to immunocompetent ones (Kipnis etal., 2001; Schori
etal., 2001; Yoles etal., 2001; Bakalash etal., 2002). Moreover, T
cell-based vaccinations, both passive and active, promote neu-
roprotection after optic nerve crush (Moalem etal., 1999; Fisher
etal.,2001). Importantly, the potential benefit derived from T cells
in these systems relies, at least in part, on a delicate balance between
effector and regulatory subsets of these cells (Kipnis etal., 2002,
2004). More recently, results obtained in different models of CNS
insult suggested that the beneficial effects of T cells might be medi-
ated in part by controlling the recruitment of monocyte-derived
macrophages from the circulation (Butovsky et al., 2007; Schwartz
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FIGURE 1 | An evolving view of immune involvement in the eye.
Ocular pathologies are initiated by multiple factors, and take on various
manifestations. Glaucoma, a slowly progressing neurodegenerative
disease, is characterized by loss of retinal ganglion cells and damage

to the optic nerve. In posterior uveitis, retinal atrophy, and neuronal death
are commonly induced by autoimmune inflammation, and age-related
macular degeneration presents with drusen (“dry” AMD) and choroidal

Boosting beneficial immunity
Immunomodulation

neovascularization (“wet” AMD). While the traditional dogma stated

that immune privilege implies the exclusion of immune activity from

the eye under any circumstances, our evolving understanding of immune
privilege proposes that boosting beneficial immunity in the eye, in a
well-regulated manner, rather than general immune suppression, is most
favorable for coping with ocular pathologies, regardless of their initiating
factors.

etal., 2009; Shechter etal., 2009). Thus, the well-orchestrated col-
laboration between the innate and adaptive arms of the immune
system appears to be optimal for achieving neuroprotection.

The beneficial involvement of immune cells in the eye is
also observed in diseases that are immune-induced, such as
autoimmune posterior uveitis, a potentially blinding inflamma-
tory condition affecting the retina and the choroid of the eye.
Studies in experimental autoimmune uveitis (EAU), an animal
model of human posterior uveitis, demonstrate the heterogeneity
of immune cells along this disease. Beside the well-characterized
pro-inflammatory cells known to initiate EAU, the uveitic eye is
also endowed with regulatory immune populations (Robertson
etal.,2002; Kerr et al., 2008; Caspi et al., 2011; London et al., under
revision). These cells, including subsets of macrophages and T
cells, act to limit inflammation, presumably bringing the disease
to a state of equilibrium and remission.

An additional pathology in which the immune system has
been shown to fulfill various, perhaps opposing functions, is
age-related macular degeneration (AMD), the leading cause of
blindness in the elderly. Naturally, the etiology of AMD is very
diverse; the disease is associated with numerous immune-related
factors. Here too, the role of macrophages has been a matter
of debate; on the one hand, it was found that aging is accom-
panied by a pathological shift to M2 macrophages, which are
known to promote angiogenesis, and would therefore seem likely
candidates for promoting choroidal neovascularization (CNV),
the process by which abnormal blood vessels develop beneath
the retina (Espinosa-Heidmann etal., 2003; Sakurai et al., 2003;
Cao etal., 2011). On the other hand, studies have also shown
that prevention of macrophage entry into the eye promotes CNV,
whereas injection of macrophages inhibits it (Apte etal., 2006).
Patel and Chan (2008) reviewed the seemingly contradictory
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functions of macrophages in AMD, and proposed that these con-
flicting findings reflect a dual role of macrophages in this pathol-
ogy, where the uncontrolled pro-inflammatory M1 macrophages
induce tissue damage, and the M2 macrophages, which are
recruited to terminate the M1 response and to clear drusen
and other age-related deposits, could also adversely affect dis-
ease progression by displaying pro-angiogenic activity. Among
the additional factors associated with AMD pathogenesis and pro-
gression, a pivotal role has been attributed over the past several
years to the complement system and its dysregulation (Klein et al.,
2005; Patel and Chan, 2008; Anderson et al., 2010). These findings
emphasize the need for a regulated immune response, in terms of
timing, duration, and phenotype, and further support the argu-
ment that there are no “good” or “bad” immune cells; it is all
a matter of their control and coordination. Moreover, the accu-
mulating evidence on beneficial immune involvement in AMD
and in the other ocular pathologies mentioned above give further
reinforcement to the current contention that although the eye is
an immune privileged site, it can enjoy the benefits of immune
support, and thus immune regulation, rather than immune
suppression, is the key to disease resolution, as in other parts
of the body (Figure 1).

A DIFFERENT VIEW OF IMMUNE PRIVILEGE

Immune privilege is an evolutionary adaptation aimed at protect-
ing especially vulnerable organs from overwhelming inflammation
that could abolish their functions and jeopardize the well-being
of the individual. As vision is crucial for survival, it is under-
standable why the eye would be particularly protected from
these risks (Streilein, 2003a). However, we propose that the
immune privileged designation of the eye means that it has the
privilege to enable selective immune responses most suitable
and effective for its proper function in health and pathology.
We contend that this is true for all other parts of the CNS,
as well.
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Like other mucosal surfaces (e.g., the gastrointestinal tract, the respiratory tract), the
human female reproductive tract acts as an initial barrier to foreign antigens. In this role,
the epithelial surface and subepithelial immune cells must balance protection against
pathogenic insults against harmful inflammatory reactions and acceptance of particular
foreign antigens. Two common examples of these acceptable foreign antigens are the
fetal allograft and human semen/sperm. Both are purposely deposited into the female
genital tract and appropriate immunologic response to these non-self antigens is essential
to the survival of the species. In light of the weight of this task, it is not surprising
that multiple, redundant and overlapping mechanisms are involved. For instance, cells
at the immunologic interface between self (female reproductive tract epithelium) and
non-self (placental trophoblast cells or human sperm) express glycosylation patterns
that mimic those on many metastatic cancer cells and successful pathogens. The
cytokine/chemokine milieu at this interface is altered through endocrine and immunologic
mechanisms to favor tolerance of non-self. The “foreign” cells themselves also play an
integral role in their own immunologic acceptance, since sperm and placental trophoblast
cells are unusual and unique in their antigen presenting molecule expression patterns.
Here, we will discuss these and other mechanisms that allow the human female
reproductive tract to perform this delicate and indispensible balancing act.
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INTRODUCTION

There are specific locations in human tissues and organs where
alloantigens and autoantigens are tolerated by the immune sys-
tem. This tolerance can exist indefinitely or for defined periods
of time like pregnancy. This uncoupling of the adaptive immune
response confers a physiological state known as immune privilege
(Streilein, 1995). Evidence suggesting the existence of immune
privilege was first obtained by van Dooremal, who documented
the extended survival of murine skin xenografts in the anterior
chamber of the dog eye in 1873 (van Dooremaal, 1873). Other
well-established immune privileged tissues and organs include
the uteroplacental unit (Medawar, 1953; Beer and Billingham,
1971), brain (Muldoon et al., 2013), testes (Li et al., 2012), and
the prostate (Neaves and Billingham, 1979; Leibovitz et al., 2004).

Peter Medawar initially recognized that the mammalian fetus
is an allograft due to the contribution of its foreign paternal
alloantigens (Medawar, 1953). Unrelated surrogate mothers read-
ily accommodate a completely foreign fetus as well as their own
offspring, confirming that maternal histocompatibility is unnec-
essary. These observations indicate that the female reproductive
tract is immune privileged during pregnancy. However, a sexu-
ally active woman’s immune components must respond robustly
to pathogens at all times, yet remain selectively tolerant to male-
associated antigens present in human seminal plasma and sperm.
The goal of this review is to consider the current evidence
describing how immune privilege is manifested in the female

Keywords: cervix, semen, trophoblast, immune privilege, human, vagina

reproductive tract during pregnancy and semen exposure, both
of which should otherwise provoke potent immune responses.

IMMUNE PRIVILEGE DURING PREGNANCY
THE HUMAN ZONA PELLUCIDA (ZP)
The mammalian egg is surrounded by the zona pellucida (ZP),
which acts as a specialized extracellular matrix for binding sperm.
For fertilization to occur, sperm must first bind to this matrix,
transit through this barrier and fuse with the egg cell to form
a zygote (Clark, 2010). The zygote is an equal combination of
both the maternal and foreign paternal genomes. It is unknown
at which stage the human pre-embryo begins to express pater-
nal major histocompatibility (MHC) molecules. However, in the
mouse, MHC expression is readily detected at the eight cell stage
(Ewoldsen et al., 1987). Cytotoxic T lymphocyte cells (CTL)
sensitized to paternal MHC antigens are unable to kill mouse pre-
embryos surrounded by an intact ZP, but pre-embryos denuded
of this matrix are immediately destroyed (Ewoldsen et al., 1987).
The ZP has been suggested to simply act as a physical barrier
against the rejection of the human pre-embryo (Ewoldsen et al.,
1987). However, many types of immune cells transit through sim-
ilar types of physical barriers during the rejection of a foreign
organ transplant (Krensky et al., 1990). Human ZP glycopro-
teins express N-glycans terminated with multivalent sialyl-Lewis*
sequences (SLEX) that mediate sperm binding (Figure 1) (Pang
et al., 2011). SLEX is also the universal ligand for the selectins,
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FIGURE 1 | Carbohydrate sequences involved in immune privilege in
the human reproductive system. N-glycans usually have two
(biantennary), three (triantennary), or four (tetraantennary) antennae linked
at up to four positions (designated A-D). On the human ZF there are
biantennary and triantennary N-glycans terminated on every antenna with
the SLEX sequences on every antenna (Pang et al., 2011). Tetraantennary
N-glycans bearing three SLEX antenna are also present. Human sperm
and seminal plasma express bi-, tri-, and tetra-antennary N-glycans

terminated exclusively with Lewis* or exclusively with LewisY sequences
on their antennae, though many carry a mixture of both of these
sequences (Pang et al.,, 2007, 2009). Glycodelin-A bears the fucosylated
lacdiNAc sequence on 60% of its total N-glycans (Dell et al., 1995).
Uromodulin expresses one (UM-1), two (UM-2), or three SLEX
sequences on a single O-glycan (Easton et al., 2000). These types of
presentations have not been found in other normal cells or tissues
outside of the human reproductive system.

cell adhesion molecules that mediate both the binding of immune
cells to inflamed vascular endothelium and lymphocyte hom-
ing (Foxall et al., 1992; Fukuda et al., 1999). SLEX is also a
ligand for siglec-9, an immunoglobulin-like lectin that carries
an immunoreceptor tyrosine-based inhibitory motif (ITIM) that
generates an inhibitory signal in several immune cell populations
(Angata and Varki, 2000; Avril et al., 2004). The possibility has
been raised that the carbohydrate sequences expressed on the ZP
act as functional groups to protect the early pre-embryo before

blastocyst hatching (Clark et al., 1996, 1997). In short, the human
egg itself could be an immune privileged cell type both before and
after fertilization.

GLYCODELIN-A (Gda) AND CA125

When the histoincompatible human pre-embryo hatches out of
the blastocyst, it faces the daunting task of invading the maternal
endometrial lining where four major immune cell populations
are present: uterine NK cells (uNK), macrophages, T cells, and
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dendritic cells (DC) (King et al., 1998; Tirado-Gonzalez et al.,
2012). During the early stages of implantation, trophoblast cells
secrete the chemokine MIP-1a that induces uNK cells and mono-
cytes to migrate to the implantation site, resulting in the for-
mation of a dense infiltrate of these cells in the decidua basalis
(Drake et al., 2001). It is apparent that the implanting human
embryo is challenged at an early stage by these immune cells. One
major question becomes apparent: how does the encircled human
embryo resist challenge by these immune cells at this early stage?

Glycodelin-A (GdA) (PP14) is a luteal phase endometrial gly-
coprotein that is secreted beginning 2 days after ovulation (Dalton
et al., 1995). This 27 kDa glycoprotein manifests many different
immune deviating effects when present at physiological concen-
trations in vitro (Table 1). If implantation succeeds, the synthesis
of GdA is massively induced, becoming 4-16% of the total pro-
tein content expressed in early stage decidua (7-11 weeks of
pregnancy) (Julkunen et al., 1985). GdA is also taken up by the
placenta and concentrated in this organ. This glycoprotein is
also present in physiologically relevant concentrations in amni-
otic fluid, reaching levels averaging 46 jLg/ml between 12 and 20
weeks (Julkunen et al., 1985). However, the level of GdA decreases
dramatically after 20 weeks, becoming a minor component of
decidual proteins and the amniotic fluid at term.

Glycodelin has also been isolated from seminal plasma and
has been designated GdS. Its protein backbone is identical to
GdA, but GdS does not cause the diverse immunomodulatory
effects associated with GdA. Instead, in vitro studies indicate that
it blocks the capacitation of human sperm (Chiu et al., 2005).
Biophysical analyses of GdA and GdS confirm major differences
in their N-glycosylation patterns. GdA expresses very unusual
fucosylated lacdiNAc and Sd* sequences on the antennae of its
N-glycans; these are completely lacking in GdS (Morris et al.,

Table 1 | Immunomodulatory activities of Glycodelin-A.

Effect References

Inhibits T cell proliferation by PHA and
other activators

Pockley et al., 1988

Decreases production of 112 following
T cell activation

Pockley and Bolton, 1989

Induces apoptosis of activated T cells Mukhopadhyay et al., 2001

Binds CD45 on T cells via a potential Ish-Shalom et al., 2006

lectin-like activity

Inhibits lysis of K562 target cells by large Okamoto et al., 1991

granular lymphocytes

Diminishes IgM secretion and MHC class I Yaniv et al., 2003

expression in B cells

Blocks chemoattractant induced migration
of monocytes

Mukhopadhyay et al., 2001

Inhibitor of E-selectin-mediated cell Jeschke et al., 2003

adhesion

Stimulates IL-6 secretion by monocytes/ Lee etal,, 2012
macrophages via interaction with L-selectin
and the extracellular signal regulated kinase

pathway

1996; Lee et al., 2009). The fucosylated lacdiNAc sequence is a car-
bohydrate ligand for both selectins and DC-SIGN, two immune
lectins that have been implicated in leukocyte/lymphocyte bind-
ing and the modulation of the adaptive immune response,
respectively (Grinnell et al., 1994; van Liempt et al., 2006). The
carbohydrate sequences linked to GdA have been implicated as
functional groups that enable this glycoprotein to mediate its
immunomodulatory effects (Clark et al., 1996, 1997).

CA125 (MUC 16) is the largest mucinous glycoprotein in the
human genome, coding for ~24,000 amino acids (Yin et al.,
2002). It is best known for its role as a specific marker for epithe-
lial ovarian cancer (Bast et al., 1981, 1983). CA125 isolated from
the human ovarian cancer cell line, OVCAR-3, is heavily N- and
O-glycosylated, and its constituent glycans have been sequenced
(Kui Wong et al., 2003). CA125 is secreted by endometrial epithe-
lial cells during the same temporal window of the menstrual cycle
as GdA (Kui Wong et al.,, 2003). Like GdA, this mucinous gly-
coprotein also becomes a major secreted product during the first
trimester of human pregnancy. CA125 derived from OVCAR-3
cells suppresses cytotoxicity mediated by NK and lymphokine
activated killer cells (LAK) in vitro when present at the physiolog-
ical concentrations seen in the endometrium and decidua during
the first trimester of pregnancy (Patankar et al., 2005). CA125
manifests this specific effect by blocking NK cell synapse forma-
tion, which results in the direct inhibition of NK cell mediated
cytotoxicity (Gubbels et al., 2010).

In summary, GdA and CA125 likely participate in suppressing
the maternal immune responses before implantation and con-
tinue to do so until mid-trimester. Defective expression of these
glycoproteins during this stage of pregnancy would likely result
in implantation failure or early pregnancy loss. However, whether
defective expression of these modulators sets the stage for other
pathological processes that are manifested after midtrimester is
currently unknown.

DIFFERENTIAL EXPRESSION OF HUMAN MAJOR HISTOCOMPATIBILITY
(MHC) ANTIGENS

The human leukocyte antigen (HLA) region of human chro-
mosome 6 encodes many immune system genes, including the
MHC complex class I and II molecules, which can be found
on the surface of almost all nucleated cell types. HLA expres-
sion is tightly regulated at the feto-maternal interface, perhaps
because direct engagement of foreign paternal or maternal anti-
gens could trigger fetal rejection. When the human embryo first
makes contact with the maternal endometrial epithelium, placen-
tal trophoblast cells at the adhesion site fuse and form a syncytium
of multinucleated cells called syncytiotrophoblast (SynT) cells.
Unlike normal cells and tissues, SynT and the underlying vil-
lous cytotrophoblasts (CytoT) do not express HLA class I and
class IT molecules (Hutter et al., 1996). This unusual characteristic
ensures that paternal HLA antigens that could trigger histocom-
patibility based immune rejection are not expressed on these
invasive trophoblast populations.

This lack of HLA expression, however, is somewhat prob-
lematic from an immunological perspective. About 70% of the
immune cells at the implantation site during the early stages of
pregnancy are uNK cells (King et al., 1996). Though not as potent
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in this activity as peripheral NK cells, uNK cells lyse HLA nega-
tive cells based on the “missing self” hypothesis (King et al., 1989;
Karre, 1991). Currently, there is no explanation for how SynT
resist these NK cell-mediated responses, since they are some-
what sensitive to lymphokine activated killing (King and Loke,
1990). However, there are large amounts of GdA and CA125 in the
uterus during implantation that could substantially affect uNK
cell mediated cytotoxicity.

Further complexity in this system is added by the expression
of uncommon HLA class I molecules on specific, highly-invasive
trophoblast cell subpopulations. The placental villi are a com-
plex series of branching structures that contain a core of fetal
vessels surrounded by stroma (Figure 2). Separating the stroma
and fetal vessels from the maternal blood present in the spaces
between villous structures are an inner, non-continuous layer of
villous cytotrophoblast cells (CytoT) and an outer, continuous
layer of fused, multinuclear SynT cells (Georgiades et al., 2002).
Some placental villae float freely in the intervillous space, while
others traverse the space to attach or anchor themselves to the
maternal decidualized endometrium (decidua). The third tro-
phoblast cell type, extravillous cytotrophoblast (EVTB) cells arise
at the tips of anchoring villae and invade deeply into the mater-
nal decidua (Benirschke, 1994). Invasion in humans typically
extends into the inner third of the uterine muscle (myometrium).
EVTB also invade the maternal uterine vessels, called spiral arter-
ies due to their anatomic appearance. EVTB plug maternal spiral
arteries until approximately 10 weeks of pregnancy (Burton and
Jauniaux, 2004) and remodel the vessel walls to convert them
from highly vasoactive structures into relatively unresponsive
conduits for blood flow from mother to baby. After 10 weeks of

gestation, EVTB vascular plugs disappear to allow unobstructed
flow through these conduits (Meekins et al., 1997).

EVTB are unlike all other human cells in their MHC class I
expression. HLA-G and HLA-E are MHC class Ib molecules
with restricted polymorphism that can be detected on the sur-
face of EVTB (Juch et al, 2012). uNK cells bear inhibitory
killer immunoglobulin-like receptors (KIR) that specifically rec-
ognize these molecules. HLA-E binds to CD94/NKG2A (King
etal., 2000), whereas HLA-G binds to KIR2DL4 (Rajagopalan and
Long, 1999). EVTB also express HLA-C, which is a polymorphic
MHC class I molecule like HLA-A and HLA-B and could—
but does not appear to—strongly stimulate harmful antipater-
nal adaptive immune responses (Chazara et al., 2011). HLA-C
molecules also specifically bind to NK cell KIRs.

OTHER IMMUNOLOGICAL ACTIVITIES OF HLA-G

Currently, seven different isoforms of HLA-G, designated G1-G7,
have been identified. HLA-G1, -G2, -G3 and -G4 are membrane-
associated forms whereas HLA-G5, -G6 and -G7 (Figure 3) are
soluble forms (Favier et al., 2007b). Both soluble and membrane
associated forms of HLA-G can induce many immunomodula-
tory effects in vitro (Hunt, 2006; Favier et al., 2007b). These
include: (1) inhibition of NK cell-mediated responses by either
soluble or cell surface associated forms; (2) abrogation of the
lytic activity mediated by CTLs via either soluble or membrane
bound isoforms; (3) suppression of the IFN-y mediated upregu-
lation of CD8a mRNA by recombinant soluble forms of HLA-G1
and HLA-G2; (4) inhibition of the alloproliferative responses
of CD4™ T cells as a membrane-bound molecule expressed by
third party inert cells or by cells presenting a stimulating antigen;

FIGURE 2 | Human placental structure (after 12 weeks of gestation): the
human placenta has a fetal and a maternal side. The fetal side consists of
a mass of tree-like villous structures that are bathed in maternal blood. Unlike
floating villae, anchoring villae traverse the blood-filled intervillous space and
attach to the maternal decidualized endometrium. The maternal decidua is
populated by stromal and immune cells and is crossed by spiral arteries that

Human Floating and | Decidualized
Anchoring Villae ; Endometrium

Unterine
Spiral
~ Arteries

—r>Zom—A>Z

dump blood into the intervillous space. Floating and anchoring placental villae
are coated by an inner layer of individual, fetally-derived cytotrophoblast
(Cyto-T) cells and an outer layer of fused syncytiotrophoblast (Syn-T) cells. A
third population of fetally-derived trophoblast cells arises from Cyto-T at the
tips of anchoring villae. These extravilous cytotrophoblast (EVTB) cells invade
deeply into the maternal tissues and remodel maternal spiral arteries.
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FIGURE 3 | HLA-G: the most common form of the non-classical
MHC class Ib molecule, HLA-G, mimics HLA-A and -B in structure
and is called HLA-G1. HLA-A, -B and -G1 are all homodimers of an
MHC class | heavy chain comprised of five domains and a stabilizing
second molecule, beta-2 microglobulin (8;m). The MHC class | heavy
chain consists of an a1 and a2 domain (forming the antigenic
peptide-binding groove), an a3 domain, a transmembrane domain and a

Soluble

cytopalasmic tail. Unlike classical MHC class | molecules, the
cytoplasmic tail of HLA-G is very short, containing only six amino
acids. Also unlike classical MHC class la molecules, HLA-G can be
detected as several spliced variants. The most common of these are
the membrane-bound HLA-G1, -G2, -G3 and -G4 and the soluble
HLA-G5, -G6 and -G7 Soluble forms have lost their transmembrane
segments and cytoplasmic tails during splicing.

(5) induction of the differentiation of Tregs by stimulating
antigen-producing cells; and (6) disruption of DC maturation.
These effects are mediated through direct binding to inhibitory
receptors designated immunoglobulin-like transcript-2 and -4
(ILT2, ILT4) and the KIR, KIR2DL4 (Favier et al., 2007a). ILT2 is
expressed by both myeloid and lymphoid cells. ILT4 is exclusively
expressed by myeloid cells and KIR2DL4 is expressed by NK and
some T cells bearing CD8I.

The effects of HLA-G in vitro are quite varied and affect many
different types of potential immune responses in the pregnant
uterus. However, the exact protein levels of the soluble and cell
surface-associated isoforms of HLA-G in the fetoplacental unit
and in the maternal decidua and periphery have yet to be deter-
mined. There also remain questions about HLA-G expression in
different physiological states, including the proposal that the sol-
uble forms of HLA-G (HLA-GS5, -G6, and -G7) are not present in
the pregnant uterus at all (Blaschitz et al., 2005; Sargent, 2005).
In fact, the functions of HLA-G during the early human implan-
tation have been difficult to definitively establish. Specifically,
decidual NK (dNK) cells do not reproducibly express KIR2DL4
and the interaction between this KIR and HLA-G has not been
consistently demonstrated (Apps et al., 2008). In addition, Moffet
et al. have recently shown that HLA-G has no effect on freshly iso-
lated human dNK cells in several functional tests that are known
to greatly affect peripheral blood NK cells (Apps et al., 2011).

REGULATORY T CELLS (TREGS)
Tregs are essential for the development of immune privilege in
the uterus during early but not late mouse pregnancy (Aluvihare

et al.,, 2004; Shima et al., 2010). In humans, these cells have
a specific phenotype (CD4*TCD25"FoxP3") and accumulate in
the endometrium during the follicular phase of the menstrual
cycle (Arruvito et al.,, 2007). These numbers are maintained if
implantation proceeds, but otherwise decrease dramatically in the
luteal phase. A decrease in the number of decidual Tregs during
early pregnancy in women is correlated with spontaneous abor-
tions (Sasaki et al., 2004). Tregs decrease the cytolytic activity of
NK cells (Ghiringhelli et al., 2006), impede the development of
DCs (Bluestone and Tang, 2005) and negatively impact the pro-
liferation of and cytokine release by CD3* T cells (Farle et al.,
2005).

GALECTINS

Galectins are a family of small lectin molecules that generally have
a universal affinity for N-acetyllactosamine (galactose in f1-4
linkage to N-acetylglucosamine; Galp1-4GlcNAc) but which can,
in some cases, bind to other carbohydrate sequences (Barondes
et al., 1994). For example, several galectins, including galectin-3,
also bind to the Thomsen—Friedenreich (T-F) antigen (GalP1-
3GalNAc) (Bian et al., 2011). In 1983, placental protein 13 was the
first galectin isolated from the female reproductive tract (Bohn
et al., 1983). Galectin-1 is another major galectin that is found in
villous CytoT. This galectin has been reported to induce T cell
apoptosis (Perillo et al., 1995), although there is some debate
about whether this effect was due to non-physiological incuba-
tion conditions (Stowell et al., 2007). Nonetheless, interest in
the expression of human placental galectins increased substan-
tially when galectin-1 deficient mice in a stress-induced model
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of pregnancy failure were reported to display higher rates of fetal
loss than control mice (Blois et al., 2007). These investigators also
demonstrated that this effect could be completely reversed by the
administration of recombinant galectin-1. Galectin-1 has been
proposed to mediate its effects via a variety of different mecha-
nisms including: (1) differentially regulating the survival of Th
cell subsets (Toscano et al., 2007; Motran et al., 2008); (2) con-
trolling T cell trafficking (He and Baum, 2006; Norling et al.,
2008); and (3) promoting the differentiation of tolerogenic DCs
(Ilarregui et al., 2009; Kuo et al., 2011). In one recent study, com-
pelling evidence was provided that suggests the overall serum
level of galectin-1 is decreased dramatically (eight-fold) in spon-
taneous abortion patients when compared to normal pregnant
controls (Tirado-Gonzalez et al., 2013).

INDOLEAMINE 2,3-DIOXYGENASE (IDO)

Indoleamine 2,3-dioxygenase (IDO) is an enzyme that can be
induced in specific macrophages following their stimulation
with IFN-y and other mediators (Munn and Armstrong, 1993).
Activation of this enzyme inhibits T cell-mediated responses by
catabolizing the tryptophan that is essential for normal T cell
proliferation. IDO is also synthesized by human Syn-T isolated
from fresh placenta (Kamimura et al., 1991). Based on these
effects, this enzyme was proposed to be a major mediator of
immune tolerance during pregnancy. To test this hypothesis,
Munn et al. exposed pregnant mice carrying either syngeneic
or allogeneic fetuses to 1-methyl-tryptophan, a pharmacologic
agent that inhibits IDO activity (Munn et al., 1998). Pregnant
mice treated with this agent accommodated syngeneic but not
allogeneic pups, suggesting IDO mediated tolerance. However,
matings of male and female IDO-deficient mice generate lit-
ters of normal size, suggesting that the expression of IDO is
not absolutely obligatory for mouse reproduction (Baban et al.,
2004). Nonetheless, IDO likely plays a complementary role to
other pregnancy-specific factors that insure the suppression of
responses against the semiallogeneic fetus.

UROMODULIN

Tamm-Horsfall glycoprotein (THP) is the major pro-
tein/glycoprotein component in human urine (Tamm and
Horsfall, 1950). Uromodulin is a differentially glycosylated form
of THP that is present in the urine of pregnant human females,
but not human males or non-pregnant females (Easton et al.,
2000). It is 13 times more potent in the inhibition of antigen-
induced T cell proliferation in vitro than THP derived from
non-pregnant females and males (Hession et al., 1987). Rigorous
analysis of uromodulin-derived oligosaccharides revealed the
presence of unusual core 2 type O-glycans terminated with up
to three SLEX terminals (Easton et al., 2000). By comparison,
THP from non-pregnant females and males expresses very simple
mono- and di-sialylated derivatives of Core 1 O-glycans, indicat-
ing a dramatic remodeling of THP glycosylation. Analysis of THP
O-glycans isolated from females 2 months postpartum revealed
a near total loss of SLEX modifications and a reversion back to
forms that characterize the non-pregnant state. This observation
suggests that uromodulin expression relies on human pregnancy
hormones (e.g., estrogens, progesterone) or other related factors.

How uromodulin contributes to the maintenance of immune
privilege during pregnancy remains an enigma.

IMMUNE PRIVILEGE FOR SEMEN AND SPERM IN THE
FEMALE REPRODUCTIVE TRACT

The immune system in the human female reproductive tract
is also challenged by both the cellular and soluble compo-
nents of human semen. The vagina and the cervix represent
a relatively hostile environment for human sperm (Drobnis
and Overstreet, 1992). Soon after sexual intercourse, mater-
nal neutrophils, monocytes, and lymphocytes are released from
the cervical epithelium during a cellular response known as
the leukocyte reaction (Pandya and Cohen, 1985; Thompson
et al., 1992). Human sperm do not express paternal MHC
class T or II molecules on their surface and should not trig-
ger histocompatibility-based responses (Hutter and Dohr, 1998).
However, immature germ cells, epithelial cells, and leukocytes
are present in semen, although they usually comprise less than
15% of the total cellular fraction (Fedder, 1996). Unlike sperm,
these cells express paternal MHC molecules that could stimulate
an MHC-restricted response at the surface of the cervico-vaginal
epithelium (Zinkernagel and Doherty, 1974).

Sperm arise from testicular germ cells after the commence-
ment of puberty and long after the period of thymic education
(Fijak and Meinhardt, 2006). Proteins that are unique to human
sperm are therefore foreign to the immune system and could
be classified as either autoantigens or neoantigens. Evidence
favoring this categorization includes the known induction of
autoimmune orchitis following the autologous injection of tes-
ticular homogenates at sites distal to the testes (Tung et al,
1981). However, allografts and xenografts resist rejection follow-
ing transplantation into the testis itself (Head and Billingham,
1985). This immune privileged state was initially thought to be
due to the presence of a blood-testis barrier that protected germ
cells from immune effector cells and antibodies (Setchell, 1967;
Dym, 1973). Arguing against this paradigm is the fact that germ
cell neoantigens on spermatogonia and early spermatocytes can
be found in the basal compartments of the testis, which lack the
blood-testis barrier (Yule et al., 1988; Saari et al., 1996). Further,
neoantigens can also be detected in seminal plasma, which con-
tains components that are produced by several glands in the male
urogenital tract (Gupta et al., 1988).

Many of the known sperm and seminal plasma neoantigens
are produced in response to androgen stimulation. While these
antigens should provoke a potent immune response in the female
reproductive system, the incidence of women with antisperm
antibodies is only 2-3%. When antibodies are produced, however,
subfertility or infertility often follows (Rumke and Hellinga, 1959;
Lombardo etal., 2001). Allergic reactions to the fluid components
of seminal plasma are also rare (Sublett and Bernstein, 2011).
These results suggest that powerful immune-deviating effects are
in play within the female genital tract.

Based on the excellent outcomes of IVF and artificial insem-
ination procedures, which separate germ cells from seminal
plasma, it is apparent that seminal plasma components are not
required for successful fertilization. On the other hand, exposure
to seminal plasma may be crucial to reductions in certain disease
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states in humans. Preeclampsia is a common but incompletely
understood complication of pregnancy with pleomorphic patho-
logical effects (Pennington et al., 2012). Interestingly, women
who have had prolonged exposure to semen via unprotected oral
or vaginal sex exhibit a considerably lower risk of developing
preeclampsia than women who have had a much more limited
duration of semen exposure (Basso et al., 2001; Kho et al., 2009).
These results lead to the conclusion that seminal plasma sup-
presses specific immune responses in the female reproductive
tract and, in several instances, tolerizes the female to paternal
immune challenges. The net effect would be to protect the female
from other immune-related disease states of pregnancy. Several
factors in seminal plasma have been proposed to be responsible
for this immune deviation.

PROSTAGLANDINS

Human seminal plasma contains very high concentrations of
prostaglandins when compared to other bodily secretions. These
bioactive compounds were initially independently identified in
this fluid by von Euler and Goldblatt in 1935 (Goldblatt, 1935;
von Euler, 1935, 1936). Prostaglandin Ei, E;, E3, Fi4, and Fyy
have been detected in human seminal plasma (Samuelsson, 1963).
It is now apparent that PGE,, 19-hydroxyprostaglandin E; and
19-hydroxyprostaglandin E, are the three major prostaglandins
in human seminal plasma, each being present in millimolar con-
centrations (Taylor and Kelly, 1974; Kelly et al., 1976; Templeton
et al., 1978). Since these lipid mediators often manifest their
effects in the wM to nM concentration range, virtually all path-
ways that are affected by these lipids are operating under saturat-
ing conditions in human semen.

PGE,; is a potent modulator of immune function. The effects
of PGE; have been the subject of intense investigation for over 20
years because of its association with cancer and other patholog-
ical states. This prostaglandin can simultaneously manifest both
proinflammatory and immunosuppressive effects. These effects
are summarized with references in Table 2.

The overall effects of PGE; include: (1) inhibition of responses
mediated by phagocytic cells (neutrophils, macrophages); (2)
suppression of NK, CTL, and T helper type 1 responses; (3)
activation of DCs but limitation of their ability to attract naive,
memory, and effector T cells; and (4) stimulation of the produc-
tion of regulatory T cells and myeloid-derived suppressor cells.
In summary, the effects of PGE, are consistent with a role in
the inhibition of antigen-driven Thl responses and in the pro-
motion of Th2 responses. This overall response is essentially that
which would be necessary to suppress responses directed against
neoantigens while simultaneously maintaining the effectiveness
of select beneficial immune responses.

CYTOKINE EXPRESSION

Human seminal plasma contains substantial amounts of a potent
immunoregulatory cytokine known as transforming growth
factor-p (TGF-B) (Nocera and Chu, 1993), although only ~7% of
TGEF-B in seminal plasma is in the active form (Nocera and Chu,
1995). Latent TGF-f can be activated by acidic conditions (tran-
sient acidification to pH 3.2) (Wakefield et al., 1987). Still, even
though the healthy vaginal environment is acidic at baseline, it is

unlikely that a significant amount of TGF-p is activated here after
deposition in the vagina because the buffering capacity of the rel-
atively large volume of basic human seminal plasma causes the
pH of the vaginal environment to increase from 4.3 to 7.2 within
8 s after ejaculation (Fox et al., 1973).

The levels of other cytokines in human seminal plasma have
also been studied (Maegawa et al., 2002). The levels of IL-1a,
IL-2, IL-4, IL-6, IL-8, TNF-q, interferon-y, granulocyte colony-
stimulating factor [G-CSF] and macrophage CFS [M-CSF] have
been analyzed. The pro-inflammatory cytokines (IL-1a, TNF-ar),
chemokine (IL-8) and G-CSF are present, but at low levels. The
remainder are undetectable. In short, the levels of inflammatory
cytokines in the lower female genital tract are very low under
normal physiological conditions.

Very elegant, but difficult to perform investigations have been
conducted to assess the effects of seminal plasma on cytokine
expression in the human cervix. Twelve hours after unprotected
vaginal intercourse with ejaculation, the mRNA levels for colony
stimulating factor 2, IL-6. IL-8 and IL-la in human cervical
biopsies are enhanced when compared to controls (abstention or
condom-protected controls) (Sharkey et al., 2012b). Seminal fluid
not only induces the expression of pro-inflammatory cytokines
and chemokines in the cervix, but also causes a major influx of
macrophages, DCs, and memory T cells (Sharkey et al., 2012b).
Still, TGF-B has been the component of seminal plasma most
directly implicated in this response (Sharkey et al., 2012a).

UNUSUAL GLYCOSYLATION OF HUMAN SPERM AND SEMINAL
PLASMA GLYCOPROTEINS
The role of glycosylation in inducing immune privilege, par-
ticularly in the reproductive tract, has been understudied.
Historically, carbohydrate ligands and their complementary
lectin-like immune receptors have been difficult to isolate and
characterize. However, the development of ultrasensitive mass
spectrometric (MS) techniques for sequencing oligosaccharides,
when combined with the use of glycan arrays to define carbo-
hydrate binding specificities, have recently changed the research
landscape in this area (Blixt et al., 2004; North et al., 2009). The
molecular bases underlying the ability of specific carbohydrate
sequences to act as functional groups that suppress immune func-
tion are now being revealed and previous predictions about these
relationships are being validated (Clark et al., 1996, 1997).

Ultrasensitive MS profiling of the N-glycans associated with
human sperm and seminal plasma has uncovered the expression
of unusual glycans (Pang et al., 2007, 2009). A distinguishing
feature of these glycans is the presence of Lewis® and Lewis”
sequences that are rarely found on the oligosaccharides present
on the surface of other normal cell and tissue types outside
of the male reproductive system. These sequences are displayed
in multivalent presentations on the terminal ends of bianten-
nary, triantennary, and tetraantennary N-glycans (Figure 1). The
N-glycans linked to the human ZP are similar, except that they are
terminated with multivalent SLEX rather than Lewis* or Lewis”
sequences (Pang et al., 2011).

The endogenous glycoprotein ligands for immune type lectins
have been proposed to be the true mediators of immune
homeostasis (Garcia-Vallejo and van Kooyk, 2009). There are four
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Table 2 | Effects of PGE; on immune function.

Immunological effects

References

Inhibits granulocyte functions

Limits the phagocytic activity of alveolar macrophages and their pathogen killing

function

Promotes the tissue influx of neutrophils, macrophages, and mast cells
Converts DCs to myeloid derived suppressor cells

Suppresses NK cell mediated cytotoxicity

Inhibits NK cell responses to 112, IL-15, and -2

Blocks NK cell production of IFN-y, inhibiting NK cell helper function
Disrupts early stages of differentiation of dendritic cells (DCs)

Promotes the induction of mast cells and their local attraction and degranulation

Directly inhibits T cell production of Il-2 and I-2 responsiveness
Enhances the production of Th2-attracting chemokines
Supports the induction of fully mature DCs

Accelerates DC maturation and elevates their costimululatory molecules when

present in combination with I-18 and TNF-a

Promotes the expression of CCR7, the receptor for chemokines L19 and L20 in

monocyte-derived DCs

Inhibits early stages of B cell activation and Ig class switching

Limits migration of DCs via induction of tissue inhibitor of proteinase-1
Increases the expression of IL-10, thrombospondin and IDO in DCs

Promotes the maturation of DCs with an impaired ability to induce CTL-, Th1-and

NK cell-mediated type 1 immunity

Suppresses the level of bioactive 11-12p70

Blocks the ability of DCs to attract naive T cells

Suppresses the production of 1-12 in monocytes and DCs

Blocks the expression of the [l-12 receptor in monocytes and DCs
Promotes the development of IL-17 producing T cells

Inhibits cytotoxic T lymphocyte (CTL) activity

Blocks activation of CTL responses by DCs by inhibiting IL-12 secretion
Promotes IgE production

Promotes the development of regulatory T cells

Promotes the interaction of DCs with regulatory T cells

Required for the development of tumor associated suppressive macrophages and

myeloid-derived suppressor cells

Induces the expression of IL-10 in tissue macrophages
Suppress the production of retinoic acid in gut-associated DCs

Smith, 1977
Hubbard et al., 2010

Yu and Chadee, 1998; Nakayama et al., 2006; Weller et al., 2007
Obermajer et al., 2011

Bankhurst, 1982; Goto et al., 1983

Joshi et al., 2001; Walker and Rotondo, 2004
Mailliard et al., 2005

Kalinski et al., 1997

Hu et al., 1995; Gomi et al., 2000

Walker et al., 1983

Mcllroy et al., 2006

Jonuleit et al., 1997

Rieser et al., 1997; Kalinski et al., 1998

Luft et al., 2002; Scandella et al., 2002

Simkin et al., 1987

Baratelli et al., 2004

Kalinski et al., 1997; Doyen et al., 2003; Braun et al., 2005
Kalinski et al., 1998, 1999; Gustafsson et al., 2008

Kalinski et al., 1998

Muthuswamy et al., 2010

van der Pouw Kraan et al., 1995; Kalinski et al., 1997, 1998

Wu et al., 1998

Sheibanie et al., 2007; Woolard et al., 2008; Boniface et al., 2009;
Esaki et al., 2010

Lala et al., 1988; Parhar and Lala, 1988; Specht et al., 2001
Watchmaker et al., 2010

Carini et al., 1981

Baratelli et al., 2005; Bergmann et al., 2007
Muthuswamy et al., 2008

Heusinkveld et al., 2011; Obermajer et al., 2011

Huang et al., 1998; Stolina et al., 2000
Stock et al., 2011

major glycoproteins in human seminal plasma that have been
identified as endogenous ligands for DC-SIGN, an immune lectin
associated with DCs. They include clusterin, galectin-3 bind-
ing protein, prostatic acid phosphatase, and protein C inhibitor
(Clark et al., 2012). The exact function of these glycoproteins
remains to be determined, but studies with parasites and other
persistent pathogens that express Lewis* and Lewis’ sequences
suggest that they are likely involved in the induction of tolerance
to the developing human in utero (Garcia-Vallejo and van Kooyk,
2009).

OTHER FACTORS IN SEMINAL PLASMA
A number of other seminal plasma factors display immunosup-
pressive effects in vitro. The primary assay that has been employed

to assess this effect is the inhibition of phytohemagglutinin
(PHA)-induced proliferation of T lymphocytes. Prostasomes are
a group of 40-500 nm membranous vesicles secreted by the
prostate into human semen. Prostasomes inhibit PHA-induced
proliferation by 69% in a dose dependent manner (Kelly et al.,
1991). However, human prostasomes contain galelectin-3, which
could compete with phytohemagglutinin for binding to galactose-
terminated glycans on T cell glycoproteins (Jones et al., 2010), so
it is possible that this effect could involve a simple lectin blockade
rather than a specific immunosuppressive effect. Whether prosta-
somes mediate a specific immunosuppressive effect remains to be
verified.

Still another study indicated that human seminal plasma
components with a MW >3.5kDa also inhibit PHA-induced
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T lymphocyte proliferation (Ochsenkuhn et al., 2006). While
seminal plasma glycoproteins could also inhibit PHA binding
to T lymphocytes via non-specific lectin blockade, an antibody
directed against TGF-f has been shown to inhibit this immuno-
suppressive activity by 50%, indicating that this specific cytokine
could be partially responsible for this effect (Ochsenkuhn et al.,
2006). The immune deviating effects of seminal plasma glycopro-
teins certainly deserve further attention.

Polyamines in seminal plasma have also been implicated in
the suppression of immune responses in the female reproductive
tract (Allen and Roberts, 1986). Spermine is present in millimo-
lar concentrations in human seminal plasma (Agostinelli et al.,
2007). Supplementation of lymphocyte cultures with spermine
leads to a cytotoxic effect that mimics that seen after addition
of seminal plasma (Allen and Roberts, 1987). Spermine inhibits
LAK cell activity directed against cervical carcinoma cells by up
to 60% at concentrations exceeding 10 nM (Evans et al., 1995).
Although the precise mechanisms underlying this finding remain
unclear, the deamination of spermine by amine oxidases generates
both hydrogen peroxides and aldehydes that promote apoptosis
(Agostinelli et al., 2007).

CONCLUSIONS

Humans have a complex immune system consisting of both
innate and adaptive arms and immune cells have developed intri-
cate means of recognizing each other that involve HLA class I
and class I molecules. Further complexity is introduced by the
diversification of these molecules into many haplotypes to enable
exceptionally precise recognition of self in the immunological
context. However, this diversity may come at a cost, as it makes
the paternal antigen-expressing human fetus the equivalent of
a foreign organ transplant within the immunocompetent gravid
female (Reisner et al., 2011). The maternal immune system can-
not simply be inactivated to allow for reproduction because of the
incumbent risk of infection, particularly that arising in the com-
plex microbiologic milieu of the lower genital tract. A compro-
mise state must therefore be established that will allow selective
immune privilege for gametes and the developing fetus within
the context of an otherwise immunocompetent female repro-
ductive system. A reasonable, though not fully potent, immune
response to pathogens must persist to protect the mother from
infection.

The pathways that promote immune privilege are best under-
stood in the eye (Streilein, 2003; Niederkorn, 2012). Niederkorn
recently proposed an attractive hypothesis that suggests that
metastatic uveal melanoma cells found in the liver have “plagia-
rized” the blueprints employed for ocular immune privilege to
create “ad hoc” immune privileged regions in this distant site
(Niederkorn, 2012). Obviously, there are enormous advantages
for metastatic cells if this hypothesis is correct, as it likely is.

The proposal was made some time ago that a similar type
of immune privilege exists for human gametes and the utero-
placental unit (Clark et al., 1996, 1997). Both SLEX and the
Lewis” carbohydrate sequences were originally defined as tumor-
associated carbohydrate antigens, based on their specific expres-
sion on cancer cells but not on their progenitor cells (Abe et al.,
1983; Fukushima et al., 1984). A recent study has confirmed the

profligate expression of SLEX sequences on the human ZP (Pang
et al,, 2011). Lewis” sequences are similarly expressed on human
sperm and seminal plasma glycoproteins (Pang et al., 2007,
2009). The strong possibility exists that pathogens can also hijack
those elements of immune privilege utilized in the reproductive
system of humans to evade the immune response. For exam-
ple, variants of H. pylori that express Lewis*/Lewis’ sequences
on their lipopolysaccharides promote tolerance, whereas non-
expressors evoke the severe inflammatory responses that result
in the pathological symptoms associated with this bacterial
pathogen (Bergman et al., 2006). HIV infection substantially
increases the percentage of CD4™ and CD8* T cells that express
the Lewis” sequence (Adachi et al., 1988; Kashiwagi et al., 1994),
a characteristic that may allow for relatively unfettered viral
proliferation.

It is a substantial challenge to understand how carbohydrate
sequences act as functional groups to mediate immunomodula-
tory effects at the fetomaternal interface. One major obstacle has
been the inability to sequence glycans from small amounts of gly-
coproteins, such as MHC class I molecules. Major advances in
mass spectrometry have recently led to the complete structural
analysis of native human ZP glycans by Dell and coworkers, a
feat performed with only 5 g of purified ZP (Pang et al., 2011).
HLA-G expressed on EVTB is differentially glycosylated when
compared to classical MHC molecules (McMaster et al., 1998).
If HLA-G glycans act as crucial functional groups, then aberrant
glycosylation could result in the pathological effects observed dur-
ing pregnancy. Current molecular and proteomic strategies could
never detect these glycobiological changes.

How the information in such carbohydrate signals is trans-
mitted in immune cells must also be defined. Siglecs usually bear
specific ITIM that mediate immune modulatory effects via con-
ventional signaling mechanisms (Crocker et al., 2007). The two
exceptions (Siglec H and Siglec 14) activate immune cells by
interacting with the membrane protein, DAP12 (Angata et al,
2006; Blasius et al., 2006). Other C-type lectin-like receptor com-
plexes are also expressed on NK cells, including the CD94/NKG2
family receptors that employ ITIM/ITAM (immunoreceptor
tyrosine-based motif) dependent pathways (Borrego et al., 2006).
Carbohydrate ligands for CD94 and NKG2 have not been defined,
but neither have the glycans associated with naturally occurring
MHC class I molecules that could interact with these lectins.
The effects of galectins are more subtle and complex, because
they can form lattices of different glycoproteins that promote sig-
naling via both lectin-like and protein-protein interactions (Lau
and Dennis, 2008). Since there are many galectins, the potential
for establishing functional pathways by organizing such glyco-
protein complexes on cell surfaces is substantial (Than et al,
2012).

In summary, these findings suggest that investigation of
the pathways that evoke immune privileged states in humans
could lead to an understanding of the mechanisms that enable
pathogens and tumor cells to evade the immune response. Once
such pathways are defined, they can hopefully be readily tar-
geted for therapeutic intervention. The role of carbohydrate
recognition in such processes is now beginning to be fully
appreciated.
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The testis presents a special immunological environment, considering its property of
immune privilege that tolerates allo- and auto-antigens. Testicular immune privilege was
once believed to be mainly based on the sequestration of antigens from the immune system
by the blood-testis barrier in the seminiferous epithelium. Substantial evidence supports
the view that the combination of physical structure, testicular cells, and cytokines controls
immune responses in the testis to preserve the structural and functional integrity of tes-
ticular immune privilege. Both systemic immune tolerance and local immunosuppression
help maintain the immune privilege status. Constitutive expression of anti-inflammatory
factors in testicular cells is critical for local immunosuppression. However, the testis locally
generates an efficientinnate immune system against pathogens. Disruption of these mech-
anisms may lead to orchitis and impair fertility. This review article highlights the current
understanding of structural, cellular, and molecular mechanisms underlying the unique

immune environment of the testis, particularly its immune privilege status.

Keywords: immune privilege, testis, Sertoli cell

INTRODUCTION

Immune privilege implies a special status of some sites in a mam-
malian body, where allo- and auto-antigens are tolerated (Mellor
and Munn, 2006). This phenomenon emerged more than a century
ago in the eye and the brain of rabbits and rodents during explo-
ration of tumor rejection after transplantation (Simpson, 2006).
Later studies revealed various remarkable immune privilege sites
including the eye, brain, testis, and pregnant uterus.

The testis is a distinct immune privilege site. The concept of
immune privilege in mammals includes two aspects: some tis-
sues induce tolerance after their transplantation to an allogenic
recipient and some tissues readily accept foreign cells without
the induction of immune rejection. The testis exhibits both two
aspects of immune privilege (Fijak and Meinhardt, 2006). A large
number of novel proteins are expressed in developing germ cells
during spermatogenesis. Therefore, sperm production represents
challenges to the immune system since sperms are unique to the
body and appear long after the establishment of immune compe-
tence. However, the testis tolerates these unique antigens. The testis
itself confers protection since auto-antigens induce strong autoim-
mune responses when they are injected elsewhere in the body
(Tungetal., 1981). Initial consideration of the testis as an immune
privileged site was substantiated experimentally when allografts
placed into the interstitial space of the rat testis survived indefi-
nitely (Head etal., 1983). Transplantation of spermatogonial stem
cells into germ cell-depleted testes, even at the interspecies level,
can restore spermatogenesis (Brinster, 2002). Similarly, ectopically
transplanted allogenic testes under the kidney capsule or subderma
of animals resist rejection without systemic immunosuppression
in animals (Kuopio etal., 1989; Ma etal., 2004).

The mechanisms of testicular immune privilege have
been gradually updated based on the progress of numerous

investigations (Fijak etal., 2011). Testicular immune privilege was
initially proposed to be attributed to the absence of lymphatic
drainage until evidence of the existence of afferent lymphatic
vessels in the testis was obtained (Barker and Billingham, 1977).
Subsequently, the sequestration of antigens and antibodies from
the immune system by the blood—testis barrier (BTB) was believed
to play a central role in the maintenance of immune privilege sta-
tus. A growing body of evidence supports the view that systemic
immune tolerance and localized active immunosuppression are
involved in the regulation of testicular immune privilege. There-
fore, multiple mechanisms, including the special structure of
the testis, the immunosuppressive properties of local cells, and
paracrine and endocrine cytokines, could control the immune
privilege of the testis (Meinhardt etal., 1998; Meinhardt and
Hedger, 2011).

STRUCTURAL BASIS OF TESTICULAR IMMUNE PRIVILEGE
The testis is structurally complex regarding the BTB and the many
different cell types it contains. While the testis structure is not fully
responsible for the immune privilege, it is involved partially in the
maintenance of the special testicular immune environment.

STRUCTURE OF THE TESTIS

The structure of the adult mammalian testis is highly organized
and complex consisting of two distinct regions: the seminifer-
ous tubules and the interstitial spaces between tubules (Figure 1).
The testis has two major functions: the generation of sperms
(spermatogenesis), and the synthesis of sex steroid hormones
(steroidogenesis). Spermatogenesis takes place within the semi-
niferous tubules, and steroidogenesis is fulfilled by Leydig cells
located in the interstitial spaces. The sex steroid hormones, mainly
testosterone in the testis, are critical for normal spermatogenesis.
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FIGURE 1 | A schematic drawing of micrographs of mammalian between neighboring Sertoli cells near the basement membrane.
testicular structure and cells. (A) The testis consists of two distinct (C) Amplification of the interstitial compartment shows cell types. Leydig
regions, namely, seminiferous tubules and interstitial compartments. cells (Lc) are majority of the interstitial cells. There are various types of
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The seminiferous tubules, which are highly coiled, originate
and terminate at the rete testis. The tubules are surrounded by
myoid peritubular cells (MPCs), which, together with Sertoli
cells (SCs), secrete components of the basement membranes that
enclose the seminiferous epithelium. Columnar SCs extend from
the basal lamina to the lumen of the tubules. These SCs are respon-
sible for physical support of the germ cells, providing them with
essential nutrients and growth factors.

Besides Leydig cells in the testicular interstitial spaces, there
are also blood and lymphatic vessels, as well as various immune
cells including macrophages, mast cells, dendritic cells (DCs),
and lymphocytes (Figure 1). The interstitium represents the first
line of testicular defense against pathogens from the bloodstream.
The rete testis, which is a transition zone between the testis and
the epididymitis, is the exit of the testis. The BTB is termi-
nated in the rete testis and spermatozoa are no longer protected
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from autoimmune attacks in the rete testis. Thus, certain forms
of autoimmune orchitis are primarily observed in the rete testis
(Itoh etal., 2005).

BLOOD-TESTIS BARRIER

The BTB is created near the basement membrane by various
junctions including tight junctions (TJs), basal ectoplasanic spe-
cializations, gap junctions, and demosome-like junctions between
two adjacent SCs (Su etal., 2011). The BTB is anatomically
much more complex than other blood-tissue barriers, such as
the blood-brain and blood-retina barriers, which are constructed
exclusively of TJs between endothelial cells. Moreover, the BTB
can be comprised of three components, namely anatomical, phys-
iological, and immunological barriers (Mital etal., 2011). The
junctions that restrict passage of molecules and cells into or
out of the BTB form the anatomical barrier. The physiological
barrier comprises transporters that regulate the passage of sub-
stances, creating a microenvironment for spermatogenesis. The
immunological barrier limits the access of systemic immunity and
sequesters the majority of the auto-antigenic germ cells. A func-
tional BTB relies on the complex interaction between the three
components.

The immune privilege status of the testis was initially believed
to be mainly based on the sequestration of antigens and antibod-
ies by the BTB. This view has been challenged by the observation
that the testicular interstitial spaces, which are located outside
the BTB, are also immune-privileged (Setchell, 1990). Moreover,
although the BTB sequesters most of the auto-antigenic germ
cells in the adluminal compartment of the testis, preleptotene
spermatocytes and spermatogonia located outside the BTB also
express antigenic molecules (Yule et al., 1988). Therefore, the BTB
is partially responsible for the testicular immune privilege. A grow-
ing body of evidence shows that the actively immunosuppressive
mechanisms in the testis play important roles in maintaining the
testicular immune privilege status (Meinhardt and Hedger, 2011).
Thus, both the BTB and local immunoregulatory mechanisms
contribute to the testicular immune privilege.

TESTICULAR IMMUNE PRIVILEGE IN DIFFERENT SPECIES

The testicular immune privilege depends on the species. Allo-
grafts and xenografts can survive in the testes of some species,
such as rat and mouse (Head and Billingham, 1985). By con-
trast, similar studies on ram and monkey have not been successful
(Setchell etal., 1995). Moreover, the testes of some species do not
have privilege properties as donor tissues. Mouse testis allografts
under the kidney capsule survive long time (Bellgrau etal., 1995),
but adult rat testes grafted to the kidney were rejected (Statter
etal., 1988). These differences suggest that the factors controlling
testicular immune privilege are variable among species.

An intact testis is not necessary for the immune privilege. In
fact, SCs display an inherent immunosuppressive role that sup-
ports the survival of cells from other tissues, such as pancreatic
islet cells, when they were co-transplanted (Selawry and Cameron,
1993; Suarez-Pinzon etal., 2000). While these previous studies
support that the genetic elements play roles in the maintenance of
testicular immune privilege, some common mechanisms underly-
ing the immune privilege of the testis should be existed in different

species. Notably, the immune privilege of the testis does not
mean the absence of immune responses in this tissue, rather, such
responses are only reduced.

CELLULAR MECHANISMS OF TESTICULAR

IMMUNE PRIVILEGE

The testis is composed of various cell types including immune
cells and testis-specific cells (Figure 1). Most types of immune
cells, which contain predominantly macrophages, can be found in
the interstitial spaces and are important for maintaining the spe-
cial immunological environment of the testis. Tissue-specific cell
types include the somatic cells: SCs, Leydig cells, and MPCs, as well
as the different stages of developing germ cells. A growing body of
evidence indicates that the testis-specific cells exhibit immuno-
logical functions, thus contributing to the testicular immune
privilege.

IMMUNE CELLS IN THE TESTIS

While the testis is a remarkable immune privilege site, it is well
connected to afferent lymph nodes. Therefore, the testis has most
types of immune cells, including macrophages, T lymphocytes,
DCs, and mast cells. These immune cells are important in the
maintenance of the special testicular immune environment.

Macrophages

Macrophages represent a major population among immune cells
in the interstitial space of the testis. Macrophages represent about
20-25% of the interstitial cells of rats under physiological condi-
tions (Hedger, 2002). At least two subsets of macrophages can
be discerned. One of them can be defined by the expression
of a surface antigen that is recognized by antibody ED2, while
the other subset expresses a lysosomal glycoprotein recognized
by antibody ED1. ED2% macrophages, which are considered to
be resident cells in the testis, represent the majority (~80%)
of testicular macrophages. ED1™ macrophages, which presum-
ably derive from circulating monocytes/macrophages that have
only recently arrived in the testis, represent a minor (~20%)
proportion of all testicular macrophages. The balance between
these two macrophage subsets in rats can be disrupted under
orchitis conditions (Breucker, 1978; Rival etal., 2008). Clinical
studies have shown that macrophage numbers are increased in
the testes of patients with aspermatogenesis of different etiologies
(Frungieri etal., 2002a). These observations suggest that testicular
macrophages associate with the immune homeostasis in the testis
and normal spermatogenesis.

Aside from the common features of macrophages in other
organs, testicular macrophages display tissue-specific functions.
Testicular macrophages, which have close physical interaction
with Leydig cells, show important roles in the development and
steroidogenesis of Leydig cells in adult rats (Gaytan etal., 1994;
Hutson, 2006). Moreover, testicular macrophages also influence
SC functions and spermatogenesis by producing soluble factors
(Cohen etal., 1999). As a major immune cell population, the
macrophages in the testis are believed to be critical in maintaining
the testicular immune environment, particularly its immune priv-
ilege properties. Testicular macrophages display a reduced capacity
for producing inflammatory factors compared with macrophages
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from other tissues (Kern etal., 1995) and exhibit immunosup-
pressive properties (Kern and Maddocks, 1995), which should
contribute to the maintenance of testicular immune privilege.

However, the two types of testicular macrophages exhibit dif-
ferent immune properties. ED2 resident macrophages, which are
believed to participate to maintain the immune privilege status
in the testis, do not initiate inflammatory responses in LPS-
challenged rats (Gerdprasert etal.,, 2002b). In contrast, ED1T
macrophages migrate into the testis during acute and chronic
inflammation and prominently initiate the inflammatory pro-
cess by releasing inflammatory cytokines with the potential to
overcome the immune privilege and mount innate immunity to
defense pathogens (Gerdprasert etal., 2002a; Rival etal., 2008).
LPS-induced acute inflammation results in only a temporary
influx of new ED1" macrophages, which can be resolved within
a day or two (Gerdprasert etal., 2002a). In contrast, the increased
number of ED17 cells is maintained for long periods of time dur-
ing chronic inflammation, such as autoimmune orchitis (Theas
etal., 2008). These observations give rise to several important
questions (Fijak and Meinhardt, 2006). What factors are respon-
sible for the recruitment and resolution of ED1™ macrophages
under acute inflammatory conditions? What causes the persis-
tent elevated macrophage numbers in the testis with autoimmune
orchitis? What factors regulate the balance of ED1" inflamma-
tory cells and ED27" resident immunosuppressive macrophages
in the testis under physiologic conditions? The roles of ED17
macrophages in the pathogenesis of autoimmune orchitis remain
largely unclear.

Dendritic cells

Dendritic cells are bone marrow-derived specialized antigen-
presenting cells (APCs), and induce activation and differentiation
of lymphocytes in response to antigens. DCs not only activate lym-
phocyte responses to allo-antigens but also inhibit autoimmune
responses by tolerating T cells to auto-antigens, thereby mounting
immune responses against invading pathogens and minimizing
the responses to auto-antigens (Banchereau and Steinman, 1998).
DCs represent a minor population (~1 x 10°) of the interstitial
cells in normal rat testis (Sanchez etal., 2006), numbering about
one-tenth of the macrophages (Meinhardt etal., 1998). Since DCs
are the most important immunoregulatory cell types, they could
play roles in regulating testicular immune responses. However,
testicular DCs have not been paid enough attentions because their
minor ratio in the testis. The number of DCs in the testis sig-
nificantly increases in experimental autoimmune orchitis (EAO)
models (Sanchez et al., 2006), suggesting that DCs may participate
in the development of testicular autoimmunity. The mechanisms
underlying the functions of DCs in EAO remain elusive. Various
heat shock proteins (HSPs), including HSP60 and HSP70, which
are abundant in male germ cells, have recently been character-
ized as testicular auto-antigens in EAO (Fijak etal., 2005). They
may initiate the testicular DC-mediated activation of auto-reactive
lymphocytes. HSP70 has been reported to promote APC func-
tion and converts T cell tolerance to autoimmunity in vivo (Millar
etal., 2003). Therefore, the immature DCs, which normally par-
ticipate in maintaining immune privilege, can be hypothesized
to mature by sensing self-antigens, such as HSPs, and mature

DCs may convert immune privilege by the local activation and
expansion of auto-reactive T cells (Fijak etal., 2011). The role
of DCs in regulating the testis immunity is worthy of further
investigation.

Lymphocytes
The testis has afferent lymphatic vessels (Barker and Billingham,
1977). Approximately 15% of the testicular immune cells in adult
ratare T cells with predominant CD8™ cells, whereas B cells are not
found in the normal testis (Hedger and Meinhardt, 2000). Testic-
ular lymphocyte numbers are increased in EAO models (Lustig
etal., 1993) and infertile patients with sperm autoimmunity
(el-Demiry etal., 1987). In EAO, CD4" and CD8™ cell numbers
dramatically increase at the onset of disease. CD4™ cell numbers
decrease and CD8™ cells remain consistent during disease pro-
gression. These data suggest that CD4™" cells may be involved in
the initiation of the chronic phage of EAO. Interestingly, the two
subsets of lymphocytes contain regulatory T cells (Tregs), which
inhibit antigen-specific immune responses (Andre etal., 2009).
Studies on pancreatic islet cell allografts in mouse testes shown
that activated T cells are destroyed and graft antigen-specific Tregs
are produced when they enter the testis environment (Dai etal.,
2005; Nasr et al., 2005). CD4TCD25% Tregs are critical for periph-
eral tolerance. Tregs may control immune privilege within organs
by preventing autoimmunity induction in regions where antigen-
specific Tregs continuously encounter tissue antigens (Samy et al.,
2005). This mechanism controls tolerogenic versus autoimmune
response to sperm in vasectomy (Wheeler etal., 2011). Tregs are
found within the testicular interstitium under physiological con-
ditions (Jacobo etal., 2009) and may contribute to the testicular
immune privilege.

Mast cells

Mast cells are another immune cell population with considerable
numbers in the testis. Mast cells in mammalian testis regulate
steroidogenesis by Leydig cells (Aguilar etal., 1995). The increased
mast cell numbers in the testis is associated with male infertility
(Hussein etal., 2005). Mast cells secret serine protease tryptase,
which promotes the proliferation of fibroblasts and synthesis of
collagen (Abe etal., 1998), leading to fibrosis, sclerosis, thickening
hyalinization of tissues, all of which are the features frequently
found in the testis of infertile patients (Apa etal., 2002). Fibro-
sis results in granuloma formation. Mast cells involve in the
granuloma formation in the testis through proteinase-activated
receptor-2 (PAR2) activation. PAR2 is localized to the MPCs,
macrophages, and acrosomes of spermatids in rat testis, and
involved in the development of testicular inflammation (Iosub
etal.,, 2006). PAR2 expression in EAO models is upregulated
and associated with granuloma formation. Mast cells are 10-
fold higher in number and distributed around granulomas in the
testis of EAO compared to normal animals. The mast cells release
tryptases into the interstitial spaces in EAO models, thus activat-
ing PAR2 to induce cell proliferation and cytokine production.
Upregulation of monocyte chemoattractant protein-1 (MCP-1)
could, at least in part, be responsible for the massive infiltra-
tion of macrophages into the testis. Similarly, evidence shows
that testicular fibrosis is related to PAR2 activation by mast cells
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(Frungieri etal., 2002b). Most of the studies on the mast cells
focus on their role in regulating testicular inflammation. The role
of mast cells in testicular immune privilege remains unknown.
The relatively low number and restricted distribution of mast cells
in the normal testis are believed to be one of mechanisms under-
lying immune privilege. Prevention of mast cell activation may be
a strategy to maintain the immune privilege status of the testis.

TISSUE-SPECIFIC CELLS OF THE TESTIS

Aside from the immune cells, growing evidence shows that
the testis tissue-specific cells exhibit immunological functions
and contribute to the maintenance of the testicular immune
environment.

Leydig cells

Leydig cells represent the majority of the cell population in the
interstitial compartment of the testis. Leydig cells are critical
endocrine cells that produce androgens for both the seminiferous
tubule compartment to regulate spermatogenesis and peripheral
circulation to extra-testicular androgen-target organs (Diemer
etal.,2003). Several studies have shown that rat Leydig cells exhibit
high antiviral activities in response to viral infections (Dejucq
etal., 1998; Melaine etal., 2003), whereas human Leydig cells dis-
play relatively weak antiviral abilities (Le Tortorec et al., 2008). The
mechanisms of Leydig cell-initiated antiviral responses remain
elusive.

Leydig cells may also regulate testicular immunity through
affecting the immune cell functions. It has been known that Leydig
cells regulate the expansion of testicular macrophages and lym-
phocyte numbers in the testis (Raburn etal., 1993; Hedger and
Meinhardt, 2000). Androgens have immunosuppressive roles, con-
tributing to the immunological differences between sexes (Cutolo
etal., 2004). A blockade of androgen production in Leydig cell
rapidly rejects intratesticular allografts, suggesting the role of
androgens in regulating immune privilege (Head and Billingham,
1985). The intratesticular testosterone concentration is 10-fold
higher than the serum concentration far greater than necessary for
the maintenance of normal spermatogenesis (Jarow etal., 2005).
The high local testosterone concentration is likely involved in the
maintenance of the testicular immune privilege. Testosterones
seem to play immunosuppressive functions by regulating the bal-
ance between pro- and anti-inflammatory cytokine expression in
SCs, Leydig cells, and MPCs, but they should not directly affect
testicular leukocytes since androgen receptors have not been found
in testicular immune cells. The role of testosterones in regu-
lating testicular immune responses is worthwhile to be further
investigated.

Myoid peritubular cells

Myoid peritubular cells surround the seminiferous tubules, and
build a wall supporting the integrity of the tubules (Figure 1).
MPCs contain contractile elements that help transport the
immotile spermatozoa into the epididymis (Maekawa et al., 1996).
MPCs secrete the components of the basal lamina that enclose
the contents of the seminiferous epithelium. Several layers of
MPCs build the walls of the tubules in human males, whereas
only one layer of MPCs in rodents. The functions of MPCs in

regulating spermatogenesis are largely unexplored. Previous stud-
ies have shown that MPCs can directly, or more likely indirectly,
regulate spermatogenesis and testis development via secreted fac-
tors (Verhoeven etal., 2000). A recent study indicated that MPCs
express androgen receptors and mediate androgen actions on fetal
SC proliferation (Scott et al.,2007). Based on their localization and
structure, MPCs are believed to participate in the maintenance of
the testicular immune environment. A role of MPCs in testicu-
lar inflammation has emerged, especially in EAO (Schuppe and
Meinhardt, 2005). MPCs release a number of cytokines, including
transforming growth factor B-2 (TGFf-2), MCP-1, and leukemia
inhibitory factor. MCP-1 should, at least in part, account for the
recruitment of inflammatory monocytes and/or macrophages to
inflame the testis. Human MPCs express TNF-a receptors 1 and
2, which mediate the expression of other inflammatory molecules,
including IL-6 and COX-2 (Schell etal.,, 2008). The roles of
MPCs in the testicular inflammatory responses must be further
clarified.

Sertoli cells

Sertoli cells are only somatic cells within the seminiferous tubules
and acquire a columnar sharp extending from the basal lamina
toward the lumen of the tubules (Figure 1). SCs constitute the
main structural element of the seminiferous epithelium and are
responsible for the physical support of germ cells, aside from pro-
viding essential nutrients and growth factors. Moreover, immune
activities of SCs in the testis are emerging.

Sertoli cells were recognized to have immunosuppressive activ-
ities two decades ago (Wyatt etal., 1988; De Cesaris etal., 1992).
They are able to provide an immunoprotective environment for
some allografts and xenografts in co-transplantation experiments
(Sanberg etal., 1996; Suarez-Pinzon etal., 2000). This immuno-
protective environment can not be due to the physical barrier
formed by SCs in the testis, rather, it seems to be provided by the
inherent properties of the cells. Factors secreted by SCs, and the
molecules expressed on their surfaces are most likely participated
in the immunoprotection of SCs. Molecule mechanisms underly-
ing the immunological functions of SCs will be discussed in late
sections of this review.

More than half of all developing germ cells undergo apoptosis
during spermatogenesis, and the cytoplasmic portions of elon-
gated spermatids are shed and form residual bodies in the last stage
of spermatogenesis. Phagocyte removal of the apoptotic germ cells
and residual bodies by SCs are critical for healthy germ cells to pro-
ceed through spermatogenesis. The importance of removal of the
apoptotic cells and residual bodies for normal spermatogenesis
can be hypothesized as follows (Nakanishi and Shiratsuchi, 2004):
(1) elimination of apoptotic cells provides appropriate space in the
seminiferous epithelium for normal spermatogenesis; (2) apop-
totic cells and residual bodies must be removed prior to secondary
necrosis that may release noxious contents for healthy cells; and
(3) the uptake of residual bodies and apoptosis cells endows SCs
into producing factors necessary for spermatogenesis. However,
direct evidence showing the meaning of phagocytic removal of
apoptotic cells and residual bodies by SCs is still missing.

Phagocytosis is a fundamental cellular process that serves mul-
tiple functions in immunity (Greenberg and Grinstein, 2002).
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The significance of phagocytic removal of apoptotic germ cells
by SCs in maintaining testicular immune environment has not
been revealed. Growing evidence shows that endogenous Toll-like
receptor (TLR) ligands released from damaged tissues and necrotic
cells can induce non-infectious inflammation through TLR acti-
vation (Piccinini and Midwood, 2010). Numerous endogenous
TLR ligands high-mobility group box1 (HMGB1) and different
HSPs have been identified (Vabulas et al., 2001; Curtin et al., 2009;
Wheeler etal., 2009). HMGB1 and HSPs are abundantly expressed
in male germ cells (Biggiogera et al., 1996; Zetterstrom et al., 2006).
Therefore, one can hypothesize that necrotic germ cells and bro-
ken down residual bodies under some pathological conditions
may release endogenous TLR ligands, inducing non-infectious
inflammation. This hypothesis is agreement with the previous
observations that physical trauma and chemical noxae, which
induce germ cell apoptosis, associate with chronic testicular orchi-
tis (Schuppe etal., 2008). A recent study showed that an impaired
removal of apoptotic germ cells induce non-infectious testicular
inflammation, thus favoring autoimmunity in the testis (Schuppe
etal.,, 2008; Pelletier etal., 2009). The meaning of phagocytic
removal of apoptotic germ cells by SCs in maintaining testic-
ular immune environment should be an interesting topic to be
investigated.

Germ cells

Sperm production is a major function of the testis, and develop-
ing germ cells represent the majority of testicular cells. However,
the roles of germ cells in regulating testicular immune environ-
ment have yet to be extensively investigated. Previous studies
demonstrated that male germ cells secrete various inflamma-
tory cytokines, including IL-1a (Haugen etal., 1994) and TNF-a
(De etal., 1993). Moreover, spermatogonia produce antiviral
proteins in response to interferon (IFN)-o and IFN-y (Melaine
etal., 2003). In physiology, these cytokines may play roles in
controlling the efficiency of spermatogenesis by inhibiting germ
cell apoptosis (Pentikainen etal., 2001). In pathology, inflam-
matory cytokines are up-regulated in the testis of EAO models
and impair spermatogenesis through stimulation of inflamma-
tion and induction of germ cell apoptosis (Rival etal., 20065
Theas et al., 2008).

Most intriguingly, Fas ligand (FasL) is abundantly expressed in
the meiotic and post-meiotic germ cells (D’Alessio etal., 2001).
FasL-expressing cells may contribute to immune privilege by
inducing apoptosis of Fas-bearing lymphocytes (Suda et al., 1993).
Recent studies have revealed that some stages of spermatogenic
cells express TLRs, which will be discussed in a late section of this
paper. The role of male germ cells in maintaining the special tes-
ticular immune environment is emerging, and worthy of further
investigation.

MOLECULAR ASPECTS OF TESTICULAR IMMUNE PRIVILEGE

The testicular cells express and secret numerous immunoregula-
tory molecules that play important roles in regulating immune
responses in the testis (Figure 2). Various immunosuppres-
sive molecules, such as androgens, programmed death ligand-1
(PD-L1), FasL, growth arrest-specific gene product 6 (Gas6), and
protein S (ProS) are produced by testicular cells. To overcome

immune privilege, the testis must mount appropriate local
innate response against invading pathogens. TLRs in testicular
cells play important roles in initiating testicular innate immune
responses.

EFFECT OF HORMONES ON THE TESTICULAR IMMUNE RESPONSES
Macrophages and Leydig cells represent major immune and
endocrine cells in the interstitial spaces, these two cell populations
regulate each other’s development (Hedger, 2002). Luteinizing
hormone may control macrophage expansion in the testis dur-
ing puberty and maintenance of macrophages in the adult testis
by acting on Leydig cells (Raburn etal., 1993). Evidence shows
that follicle-stimulating hormone regulates maturation of testic-
ular macrophages via SCs (Duckett etal., 1997). Moreover, the
testicular endocrine environment can affect other type of immune
cells in the testis (Hedger and Meinhardt, 2000). The immune cells
in the testis should be regulated by the function of a mature testis,
rather than the direct effects of the hormones on the immune cells
that lack hormone receptors (Meinhardt and Hedger, 2011).

Production of androgens (mainly testosterone) is a major
function of Leydig cells. Androgens exhibit immunosuppressive
activities that contribute to different immune responses between
the sexes (Cutolo etal., 2004). Testosterone reduces TLR4 expres-
sion in macrophages (Rettew etal., 2008). Administration of
testosterone suppresses autoimmune diseases (Cutolo, 2009; Gold
and Voskuhl, 2009). Accordingly, gonadotropin-releasing hor-
mone antagonists significantly reduce the percentage of Treg cells,
and increase the proportion of NK cells in human males (Page
etal,, 2006). These data suggest that androgens play roles in
maintaining the balance between autoimmunity and tolerance.
Substantial evidence of the link between androgens and testic-
ular immune privilege was found in investigations using mice
conditional knockout androgen receptors in SCs. SC-specific
deletion of the androgen receptor in mice disrupts testicular
immune privilege (Meng etal., 2011), possibly because andro-
gens regulate SC TJs (McCabe etal., 2010). In agreement with
these the data above, an earlier study indicated that andro-
gens regulate the permeability of the BTB by regulating the
expression of a SC TJ protein, CLDN3 (Meng etal., 2005).
Taken together, androgens play critical roles in maintaining
the integrity of testicular immune privilege by regulating local
microenvironments.

Fas/FasL SYSTEM

FasL-induced lymphocyte apoptosis was once thought as a criti-
cal mechanism underlying the testicular immune privilege. This
concept was contradicted by different studies. FasL suppresses
immune responses by inducing apoptosis of Fas-bearing activated
lymphocytes (Dhein etal., 1995). The testis is a major source of
FasL mRNA in rodents (Suda et al., 1993), and the Fas/FasL system
was demonstrated to be important in the maintenance of testicular
immune privilege based on observations that SCs expressing FasL
induce apoptosis of Fas-bearing lymphocytes (Bellgrau et al., 1995;
Takeda etal., 1998; Figure 2). This conclusion was challenged
by other studies. Genetically modified islets expressing FasL did
not protect the islets from immune rejection (Allison etal., 1997).
Neutralizing antibodies against FasL did not significantly reduce
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FIGURE 2 | A schematic drawing illustrating intercellular communication
via paracrine immunosuppressive molecules that favor immune
privilege in the testis. Under the influence of follicle-stimulating hormone
(FSH), androgens and germ cell antigens, Sertoli cells secrete
immunosuppressive molecules that inhibit inflammatory responses of
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macrophages and T lymphocytes (T) in the interstitial compartments.
Sertoli, Leydig cells and macrophages regulate activities of the other
immune cells including dendritic cells (DC), T and mast cells (MC) via
paracrine immunosuppressive molecules, favoring testicular immune
privilege property.

the survival of islets in non-obese diabetic mice that received
co-grafts of SCs and islets (Korbutt etal., 2000).

In fact, convincing evidence showed that testicular FasL is
expressed not in SCs but in meiotic and post-meiotic germ cells
(D’Alessio et al., 2001). However, it remains to be clarified whether
the germ cells expressing FasL contribute to the immune privileged
status within the seminiferous tubules. Discrepant distribution of
FasL as indicated in these previous studies might be caused by cell
contamination and usage of non-specific antibodies. The involve-
ment of Fas/FasL in the immunosuppressive properties of SCs
should be reconsidered.

LOCAL IMMUNOSUPPRESSIVE MILIEU

While the role of Fas/FasL system in maintaining the testicular
immune privilege has been in doubt, other immunosuppressive
molecules have been demonstrated to play roles in suppressing

immune responses in the testis. A recent study shows that
lyso-glycerophosphatidylcholines (lyso-GPCs) in interstitial fluid
inhibit T cell activity, contributing to testicular immunosuppres-
sion (Foulds etal., 2008). However, the mechanisms underlying
the lyso-GPC-mediated immune suppression remain unclear. Pro-
grammed death receptor-1 (PD-1) is a transmembrane protein,
and PD-L1 (also named B7-H1) is a functional ligand of PD-1.
PD-1 is expressed in T cells, and its activation by PD-L1 mediates
T cell tolerance (Keir etal., 2006). A recent study demonstrated
that PD-L1 is constitutively expressed in the testis and contributes
to the long-term survival of islet allografts transplanted in the
testis, suggesting that the PD-1/PD-L1 system may contribute to
testicular immune privilege (Cheng etal., 2009).

Another attention deserves to be paid to the role of Gas6/ProS-
TAM system in maintaining testicular immune environment.
TAM receptors are the latest identified subfamily of receptor
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tyrosine kinases, which include three members, namely, Tyro3,
Axl and Mer (TAM; Hafizi and Dahlback, 2006). Two close rel-
ative vitamin K-dependent proteins, the product of Gas6 and
ProS (a blood anticoagulant cofactor), are biological ligands of
TAM receptors (Hafizi and Dahlback, 2006). TAM triple knock-
out mice are male infertile due to progressive loss of germ cells
(Lu etal., 1999; Chen etal., 2009). Gene targeting mutation stud-
ies have shown that TAM receptors are essential regulators of
the immune homeostasis by regulating negatively TLR-initiated
innate immune responses in DCs and macrophages (Rothlin et al.,
2007; Lemke and Rothlin, 2008). We previously demonstrated
that TAM receptors are abundantly expressed in mouse SCs and
Leydig cells, whereas Gas6 and ProS are prominently expressed
in Leydig cells (Wang etal., 2005). We also provided recently
evidence that TAM signaling suppresses TLR-initiated testicular
innate immune responses in SCs and Leydig cells (Sun etal., 2010;
Shang etal., 2011). Based on these findings, we speculate that
the Gas6/TAM system may be critical in regulating the immune
privileged status of the testis. It is worthwhile to investigate this
possibility.

TLR-INITIATED TESTICULAR INNATE IMMUNE RESPONSES

An immune privileged status does not indicate that the site has no
effective immune response. Actually, the testis tolerates invading
antigens. TLR-mediated innate immune responses in testicu-
lar cells play a critical role in the protection of the testis from
infections.

Toll-like receptors are pattern recognition receptors that rec-
ognize pathogen-associated molecular patterns (PAMPs). The
activation of TLRs by PAMPs represents one of the most impor-
tant mechanisms of immune responses against pathogens (Takeda
and Akira, 2005). TLRs can be also recognized and activated by
endogenous ligands that can be released from damaged tissues
and necrotic cells, which are termed damage-associated molecular
patterns (DAMPs; Seong and Matzinger, 2004). The expression
and significance of TLRs in the testicular functions have recently
been recognized (Hedger, 2011). Various TLRs are expressed in
the testis of different species including humans (Fujita et al., 2011)
and murines (Bhushan etal., 2008). Most studies on TLR func-
tions in the testis have been performed using murine models.
Recent studies demonstrated that mouse SCs express functional
TLR2 to TLR6 (Riccioli etal., 2006; Starace etal., 2008; Wu etal.,
2008), which were confirmed in rat SCs (Bhushan etal., 2008;
Winnall etal., 2011). Usingisolated testicular cells, we also demon-
strated in vitro that TLR3 and TLR4 in mouse Leydig cells, and
TLR3 in spermatogenic cells trigger innate immunity in response
to ligand stimulation (Shang etal., 2011; Tao etal., 2012). TLR2
and TLR4 were observed in human sperms, and responded to
bacterial endotoxins (Fujita etal., 2011). The observations imply
that TLRs in non-immune testicular cells may play important
roles for the testis to mount appropriate local innate immune
responses to invading microbial pathogens. Notably, SCs are rel-
atively less sensitive to ultra-pure LPS or Poly(I:C) compared
with macrophages based on the expression levels of inflamma-
tory cytokines, although both cell types express comparable levels
of TLR3 and TLR4. Inhibitory effect of Gas6/ProS-TAM sys-
tem on TLR signaling in both SCs and Leydig cells should be

responsible, at least in part, for the less sensitive to TLR stim-
ulation. Therefore, the interplay of TLRs and TAM receptors
could be important in the maintenance of immunological bal-
ance in the testis. We are collecting more evidence to confirm this
hypothesis. It should be note that most of the studies on expres-
sion and function of TLRs in the testicular cells are performed
in vitro using primary cells and purified ligands. Role of TLRs in
defense against invading pathogens in the testis should be con-
firmed in vivo when animals are infected with microbes using TLR
knockout mice.

PARACRINE AND ENDOCRINE CYTOKINE REGULATION OF

TESTICULAR INFLAMMATION

Numerous paracrine and autocrine cytokines in the testis are criti-
cal for normal testicular functions. Most of these cytokines belong
to immunoregulatory factors including those with immunosup-
pressive or pro-inflammatory activities, such as TGF-f family
(Avallet etal., 1994; O’'Bryan etal., 2005). TGF-Bs contribute to
testicular immune privilege through their immunosuppressive
activities (Pollanen etal., 1993). TGF-B1 facilitates SCs to support
graft survival in co-transplantation experiments (Suarez-Pinzon
etal., 2000).

Major pro-inflammatory factors, including IL-1, IL-6, and
TNF-q, are expressed in the testis and regulate testicular functions
under physiological conditions. IL-1 is an important mediator
of inflammation in the testis. A recent study showed that IL-1a
facilitates BTB opening by affecting the actin cytoskeleton (Sarkar
etal., 2008). IL-1B is feebly produced by the testis under physio-
logical conditions. However, an upregulation of IL-18 has been
observed under inflammatory conditions in the testis, which
may be harmful to spermatogenesis (Guazzone etal., 2009). IL-6
promotes potently inflammatory events via the expansion and
activation of T cells. Most testicular cells, including somatic
cells and germ cells in normal rats, produce IL-6 (Potashnik
etal., 2005). IL-6 production is upregulated in LPS-induced acute
testicular inflammation model. Moreover, IL-6 expression in tes-
ticular macrophages is significantly increased in EAO (Rival etal.,
2006). Circulating monocytes (ED17) that arrive at the testis
notably express IL-6 at high levels compared with resident tes-
ticular macrophages (ED2%), suggesting the distinct roles of the
two types of macrophages in mediating inflammatory responses.
An in vitro study has shown that exogenous IL-6 induces germ cell
apoptosis (Theas etal., 2003). TNF-a is the most potent proin-
flammatory cytokine. TNF-a is prominently synthesized by germ
cells within normal seminiferous tubules (De etal., 1993). Vari-
ous types of interstitial cells, such as macrophages and mast cells,
synthesize TNF-a (Xiong and Hales, 1993). TNF-a protects germ
cells from apoptosis at a physiologically low concentrations in
normal testes. In oppositely, TNF-a behaves as an apoptotic fac-
tor that induces germ cell death under inflammatory conditions
(Theas etal., 2008). These three pro-inflammatory cytokines can
be induced by TLR activation in testicular cells, including SCs,
Leydig, and germ cells. Moreover, antiviral cytokines including
IFN-q, -p are produced by these testis-specific cells through TLR
activation (Wu et al., 2008; Sun et al.,2010; Shanget al.,2011; Wang
etal., 2012). These cytokines could participate in the host defense
against pathogens through the regulation of immune responses
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or the direct killing of invading pathogens in vivo. They may also
impair spermatogenesis under the inflammatory conditions.

Various chemokines may regulate immune responses in the
testis. Chemokines are a large family of small cytokines with
chemoattractive activities. They can be grouped into the two
major subfamilies, namely, CC ligands (CCLs) and CXC ligands
(CXCLs). Among the CCL subfamilies, CCL2 (MCP-1) is present
in the testis at physiologically low levels (Gerdprasert et al., 2002b).
MCP-1 is expressed by Leydig and MPCs and can be regulated by
IL-1, TNF-a, and IFN-B. In response to TLR activation, MCP-1 is
upregulated in SCs (Riccioli etal., 2006). Injection of LPS in vivo
induces elevated MCP-1 levels in the testicular fluid of rats (Gerd-
prasert etal., 2002b), increased MCP-1 levels have been observed
in the testicular fluid of and EAO model (Guazzone etal., 2003).
Among the CXCL subfamilies, CXCL10 is expressed in rat Leydig
cellsand upregulated by IL-1a,, TNF-a, and IFN-y (Hu et al., 1998).
In addition, Sendai viruses induce CXCL1 and CXCL10 in rat tes-
ticular macrophages, SCs, Leydig cells, and MPCs (Aubry etal.,
2000). Chemokines are not detected in rat germ cells. Increased
chemokines could facilitate leukocyte infiltrations and promote
the inflammatory reactions in the testis.

In contrast to inflammatory cytokines, IL-10, another anti-
flammatory cytokine, may reduce inflammation, autoimmu-
nity, and spermatogenic damages in the mouse model of EAO
(Watanabe etal., 2005). During inflammation, testicular resident
macrophages produce IL-10. Production of immunosuppressive
cytokines supports the speculation that testicular immune cells
contribute to the testicular immune privileged status.

CONCLUDING REMARKS
While the testis is a remarkable immune privileged site, chronic
orchitis and autoimmunity are important etiological factors of

male infertility. Further investigation on the immunoregula-
tion of the testis and the link between testicular inflammatory
disorders and male infertility will have important implica-
tions for interventions of inflammatory disorder-related male
infertility.

Mechanisms underlying testicular immune privilege remain
largely misunderstood. A local innate immune system of the testis
apparently plays an important role in the initiation of the testicular
immune responses. Negative regulation of innate immunity in the
testis must contribute to testicular immune privilege, which could
be the focus of future research. TLR expression and function have
recently been revealed in many testis-specific cells. These findings
suggest that both immune cells and local tissue-specific cells pos-
sess innate immune protective roles against pathogens. Therefore,
local cell-initiated inflammatory responses represent a topic that is
worthy of further investigation. Endogenous TLR ligand-triggered
non-infectious inflammatory conditions in the testis must be con-
sidered, because a large portion of spermatogenic cells undergo
apoptosis under physiological and pathological conditions, which
may release endogenous TLR ligands if the apoptotic cells are not
removed timely. The manner by which systemic and local inflam-
mations impair male fertility is another issue that remains unclear.
Understanding of the fundamental aspects described above may
provide novel insights into the development of prevention and
treatment approaches for testicular inflammation-related male
infertility.
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A common feature between cancer escape
and autoimmune diseases is an inappropri-
ate involvement of the regulatory immune
system, albeit for opposing purposes.
While autoimmune disease is a reflection
of the failure to control responses to self,
cancer is a result of an exaggerated use of
these controls to abrogate antitumor effec-
tor responses. Although the importance
of regulatory B cells [Bregs, the defini-
tion first used by Mizoguchi to describe
B cells exerting protection from colitis in
mice (Mizoguchi et al., 1997)] in protec-
tion from autoimmunity is now accepted,
their involvement in cancer escape remains
poorly understood. The conundrum of
Bregs is that, if their numbers are low
(in analogy with Tregs), their existence
and importance may be concealed by the
overwhelming response of effector B cells.
For example, aberrant activation of B cells
promotes autoimmune diseases, such as
rheumatoid arthritis (RA), type 1 diabetes
mellitus (T1D), multiple sclerosis (MS),
and systemic lupus erythematosus (SLE).
As such, the depletion of B cells with anti-
CD20 antibody rituximab impairs antigen-
specific CD4* T cell activation (Bouaziz
et al., 2007) and ameliorates RA, MS, and
T1D (Townsend et al., 2010). Yet, treatment
with rituximab can also exacerbate the dis-
ease in some patients with ulcerative colitis,
or even induce other diseases, such as pso-
riasis with psoriatic arthropathy and colitis
in patients with Graves disease and non-
Hodgkin lymphoma, respectively (Dass
etal., 2007; Goetz et al., 2007; Mielke et al.,
2008). The increased numbers of B cells in
peripheral blood of transplant patients is
positively associated with a rare but long-
term drug-free clinical tolerance (Newell
et al., 2010; Pallier et al., 2010; Sagoo et al,,
2010). Although these clinical examples
clearly indicate the importance of B cells,

a current issue is how to segregate the role
of Bregs from suppressive activity of B
cells that has been known for more than
30 years. As first proposed by Morris and
Moller in late 1960s (Morris and Moller,
1968), B cell-produced immunoglobulin
can elicit immune suppression by directly
triggering ITIM-mediated suppressive
signaling in target cells upon binding with
inhibitory FcyRIIB (Ravetch and Bolland,
2001) or by indirectly modulating dendritic
cells (DCs) via activating FcyR (Morris and
Moller, 1968).

The first evidence of suppressive B cells
(Bregs?) that functioned independently
of their immunoglobulin was shown by
Shimamura et al. (1982) about 30 years
ago. Confirming this, the absence of B cells
was linked with exacerbated autoimmune
responses in mice deficient in B cells, such
as mice that lack mature B cells (Wolf et al.,
1996) and CD19 B cells (Yanaba et al., 2008).
To date, the protection from autoimmune
diseases in mice was linked with several
unique subsets of IL-10-producing Bregs,
such as CD1d™¢" B1b cells (CD5~ B220%v
CD11b* IgM* CD1d™#"; Mizoguchi et al.,
2002),B10 regulatory cells (IL-10-producing
CD1d"* CD5* B cells; Yanaba et al., 2008),
and CD1d"#" Tim-1* CD5* Bregs (Ding
etal.,2011). Although little is known about
human Bregs, protection from SLE was
recently linked with an impairment of regu-
latory activity of CD19* CD24"ish CD38Hish
B cells (Blair et al., 2010). Moreover, a rare
subset of IL-10-producing memory CD24"
CD27* B cells that functions like murine
B10 cells was also shown to exist in humans
(Twata et al.,2011). Humans also have IL-10
and TGFB-producing CD25" CD27" CD86"
CD1d" B cells that can suppress prolifera-
tion of autologous T cells and induce the
generation of Foxp3* CTLA-4" Tregs (Kessel
etal., 2012).

The majority of protective effects of
Bregs requires IL-10 (Mizoguchietal.,2002;
Byrne and Halliday, 2005; Matsushita et al.,
2008; Yanaba et al., 2008; Blair et al., 2010),
a cytokine also utilized in other B cell-
mediated suppression. For example, IL-10
is also abundantly produced and utilized
by CD5* B1 cells and MZ B cells to ame-
liorate collagen-induced arthritis in mice
(O’Garra and Howard, 1992; Brummel
and Lenert, 2005; Lenert et al., 2005; Evans
et al., 2007) and by LPS-stimulated B cells
to protect from autoimmune responses in
mice by rendering T cells anergic (Parekh
etal.,2003; Lampropoulou et al., 2008) and
tolerogenic (Fuchs and Matzinger, 1992).
The boundaries between Bregs and IL-10
producing B cells can often be obscure, rais-
ing question whether IL-10 is a primary
mediator of suppressive activity or a factor
that promotes homeostasis of Bregs. As for
murine and human B1 cells (Balabanian
et al., 2002; Gary-Gouy et al., 2002), IL-10
may promote survival and proliferation of
Bregs. On the other hand, full suppressive
power of Bregs and concomitant IL-10
production often requires activation, for
example, by chronic inflammation or by
engagement of their toll-like receptors
(TLRs) or CD40 (Mizoguchi et al., 2002;
Gray et al., 2007; Lampropoulou et al.,
2008). This leads to production of other
immunomodulatory factors (TGFB and
galectin-1) and upregulation of surface
antigens, such as PD-1 and CTLA-4. As a
result, activated Bregs can either directly
induce apoptosis and anergy of effector
Th1 cells and CD8" T cells (Zuniga et al.,
2001; Parekh et al., 2003; Frommer et al.,
2008; Tretter et al., 2008) or indirectly by
converting Tregs (Reichardt et al., 2007;
Sun et al., 2008; Sayi et al., 2011; Scapini
et al,, 2011) and modulating DCs (Byrne
and Halliday, 2005; Watt et al., 2007).
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Although cancer often uses homeo-
static regulatory machinery to escape from
immune surveillance, surprisingly the
process seems does not involve Bregs that
protect from autoimmune diseases. As such,
the role of Bregs in cancer escape is poorly
appreciated. Instead, B cells are mostly
known for their “pathogenic” antitumor
properties (Lanzavecchia, 1985; Candolfi
et al., 2011). The presence of CD20" B
cells in metastatic lymph nodes is a sign of
favorable outcome in patients with head
and neck cancer (Pretscher et al., 2009);
and depletion of CD20-expressing B cells
increases tumor burden in the lungs of mice
intravenously injected with B16-F10 mela-
noma after (Sorrentino etal.,2011). Despite
this, B cells also participate in carcinogen-
esis of methylcholanthrene-induced (Brodt
and Gordon, 1978, 1982) or transplanted
tumors (Monach et al., 1993); and synge-
neic tumors progress poorly in pMT mice
deficient in B cells unless replenished with
B220" B cells (Qin et al., 1998; Olkhanud
et al., 2011). Cancer-promoting B cells
appear to exert a multitude of functions,
such as production of immunoglobulins
and cytokines (Townsend et al., 2010). As
in autoimmunity, the immunoglobulin
deposition induces FcR- and complement-
mediated chronic inflammation needed
for carcinogenesis (Zusman et al., 1996; de
Visser etal.,2005). Activated B cells produce
TGFf (Parekh et al., 2003; Lampropoulou
et al., 2008), and immunoglobulin can
serve as a carrier for TGFP and thereby
mediate suppression of cellular immune
responses (Stach and Rowley, 1993; Rowley
and Stach, 1998). Tumor-infiltrating B cells
also produce lymphotoxin o/ and promote
androgen-independent growth of prostate
cancer cells by inducing the nuclear trans-
location of IKKo and activation of STAT3
(Ammirante et al., 2010). Pro-tumorigenic
activity of B cells also requires production
of IL-10 (Inoue et al., 2006) and TNFo
(Schioppaetal.,2011) to presumably medi-
ate Th2 polarization and inhibition of the
cytotoxic activity of CD8* T and NK cells.
Importantly, B cells isolated from tumor-
bearing mice inhibit CD4" T cell-mediated
help for CTLs (Qin et al., 1998).

To date, there are only two clearly
defined examples of cancer escape-pro-
moting Bregs are reported. First, murine
B10 cells can abrogate monocyte activity
and reduce surface expression of FcyR

in IL-10-dependent fashion (Horikawa
et al., 2011). As a result, the presence of
B10 cells inhibits the therapeutic efficacy
of anti-CD20 antibody against lymphoma.
On the other hand, we recently discov-
ered a unique subset of tumor-evoked
Bregs (tBregs) that actively facilitates
breast cancer escape and metastasis in
BALB/C mice bearing 4T1 carcinoma cells
(Olkhanud et al., 2011). In fact, the cancer
cells themselves induce the generation of
TGFB-producing tBregs from normal B
cells. As a result, tBreg then convert non-
Treg CD4"* T cells into metastasis-promot-
ing FoxP3* Tregs (Olkhanud et al., 2011),
which in turn inactivate antitumor NK
cells and protect metastasizing cancer cells
in the lungs (Olkhanud et al., 2009). We
believe that the tBreg-like cells also exist in
humans, as they can be readily generated
ex vivo by treating normal human donor
B cells with conditioned media of human
cancer lines, such as breast, ovarian, and
colon carcinomas (Olkhanud et al., 2011).
tBregs differ phenotypically and function-
ally from other Bregs involved in autoim-
mune responses (Mizoguchi et al., 2002;
Matsushita et al., 2008; Yanaba et al.,
2008) and LPS- or BCR-activated B cells
(Fuchs and Matzinger, 1992; Hussain and
Delovitch, 2007). tBregs resemble B2 cells
(IgD™ie") but express constitutively active
Stat3 and surface markers like CD25Mih
B7-H1Meh CD81Mieh CD86Mieh  CCRoMieh
and CD62L"Y IgM'™L*v and poorly pro-
liferate. They do not express CD27 and
CDS5 or up regulate CD1d, and their sup-
pressive activity does not require IL-10 or
other known suppressive pathways, such
as B7-H1-PD-1, Fas-FasL, and IL27/IL35.
Treatment with S. aureus Cowan 1 antigen
can also generate suppressive CD25" B cells
that induce anergy of activated T cells by
competing for IL-2 (Tretter et al., 2008).
However, unlike them, tBregs regulate both
resting and activated T cells (both CD4*
and CD8* T cells) acting independently of
IL-2 and without inducing cell death.
Since cancer actively converts tBregs
from normal B cells, the clinical implica-
tion of this is that, as long as cancer persists,
it will induce their generation and thereby
initiate the chain of suppressive events.
Thus, strategies that abrogate any step of
this process are expected to inhibit cancer
escape and metastasis, a primary cause of
patients’ bad disease outcome. However,

the success of a strategy will also depend on
the use of tailored approaches, ideally, ones
that only inactivate tBregs, while protect-
ing or promoting “good” B cells needed for
optimal cancer eradication. For example,
4T1 breast cancer metastasis is abrogated
by antibody that targets IL2ZRa. expressed
on Tregs and tBregs (Olkhanud et al., 2009,
2011). Despite this, no clinical benefit was
elicited in patients with renal cell carci-
noma treated with B cell-depleting anti-
CD20 antibody rituximab (Aklilu et al.,
2004). Although this result questions the
role of Bregs in human cancers, our recent
data indicate that tBregs can escape anti-
CD20 antibody due to low levels of CD20
expression. As a result, treatment with
anti-CD20 antibody preferentially depletes
“good” and activated B cells, while enrich-
ing for tBregs and thereby enhancing cancer
escape and metastasis (Bodogai et al., MS
in preparation). Overall, although plethora
of conventional B cells can often conceal
and hamper analysis of small population of
Bregs, the use of tailored and unique meth-
odologies clearly indicates their existence
and importance in mediation of cancer
escape. It is time to unequivocally accept
Bregs and tBregs as true members of the
regulatory immune network.
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INTRODUCTION

Immune privilege refers to the phenomenon of low immunogenic-
ity associated with certain organs such as the anterior chamber
of the eye, the brain, the testes, and the placenta (Munn and
Mellor, 2006). Mechanistically, immune privilege probably arises
from the combined effects of physical barriers to immunity and
active immune regulatory processes that are particularly potent in
some organs and tissues. The concept of immune privilege can
also be extended to some chronic inflammatory syndromes where
enhanced immune regulation (hypo-immunity) manifests as a fac-
tor in disease progression such as persistent infections and cancer
(Mellor and Munn, 2008). In this sense, immune privilege is not
a unique feature of certain specialized tissues; rather, it is a func-
tional state induced by certain conditions in most — perhaps all —
tissues as one consequence of chronic inflammation. In this review
we focus on a specific molecular pathway that creates induced
immune privilege in a range of disease settings involving expres-
sion of the inducible enzyme indoleamine 2,3 dioxygenase (IDO).
When biochemically active the IDO enzyme catabolizes trypto-
phan to produce metabolites known collectively as kynurenines.
Local metabolic effects of IDO-expressing cells exert profound
effects on immune and tissue cells that suppress pro-inflammatory
and immune stimulatory responses to a variety of insults. IDO is
not the only molecular pathway able to create immune privilege in
inflamed tissues, and several other metabolic pathways have been
linked to regulatory outcomes recently. By focusing exclusively
on the IDO pathway our aim is to use this particular metabolic
pathway to illustrate “good” and “bad” aspects of immune privilege
in relation to clinical disease syndromes.

diseases. Here, we focus on emerging evidence that enhanced tryptophan catabolism is a
key metabolic process that promotes and sustains induced immune privilege, and discuss
the implications for exploiting this knowledge to improve treatments for hypo-immune and
hyperimmune syndromes using strategies to manipulate tryptophan metabolism.

Keywords: IDO, inflammation, immunity, regulation, tolerance

A CONCEPTUAL MODEL OF INDUCED IMMUNE PRIVILEGE

A diverse range of primary insults stimulate local inflammation,
including wounding, infections, pre-malignancies, radiation, vac-
cines, and chemical or biological toxins. However, the mucosal sur-
faces of the respiratory, gastro-intestinal-tracts, and reproductive
tracts (especially the uterus during pregnancy) exhibit many fea-
tures of inflamed tissues during homeostasis. The ability of insults
to elicit potent innate and adaptive immunity varies considerably
depending on which tissue experiences the primary insult. In this
review we focus on natural and experimentally induced insults that
stimulate inflammatory responses with potent immune regula-
tory components as examples of where induced immune privilege
manifests. Previously, we proposed a model to explain how IDO
enzyme activity induced in local tissues as a response to inflam-
matory cues may create immune privilege (Mellor and Munn,
2008). We proposed four key checkpoints that promote and main-
tain immune privilege in local inflamed tissues. In this section,
we further develop this model in light of recent novel insights
(Figure 1).

CHECKPOINT A

Innate immune responses to inflammatory insults

Typically, microbial infections induce rapid release of pro-
inflammatory cytokines such as interferons (IFNaf, [FNy), tumor
necrosis factor (TNFa), interleukins (IL-18, IL-6, etc.), and
chemokines by stromal cells and innate immune cells to provoke
effective adaptive immunity. However some inflammatory stim-
uli — including some microbes — elicit innate immune responses
that promote production of regulatory cytokines such as IL-10,
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FIGURE 1 | Potential regulatory checkpoints involved in induced immune privilege in local tissue microenvironments.

and transforming growth factor (TGFp) that suppress local release
of pro-inflammatory cytokines and activate (or attract) immune
regulatory cells. Thus initial local responses to primary insults
exert profound influences on the subsequent course of immune
responses, and elucidating how cells resident in primary tissue
lesions respond to inflammatory cues is pivotal to understand
the source of immune privilege. For example, pre-malignancies
arise frequently in many tissues, but their ability to progress to
form tumors is acquired over long periods, and overt tumors
develop only when immune surveillance mechanisms are evaded
successfully. Similar considerations may apply to pathogens that
cause some persistent infections, though pathogens have proba-
bly evolved numerous mechanisms to evade — and even actively
suppress — innate immune surveillance mechanisms to induce
immune privilege.

In light of the considerations above it is probably no coin-
cidence that tumors and chronic infections are often associated
with induced local IDO expression because IDO has potent regu-
latory effects on immune and non-immune cell types (Uyttenhove
et al., 2003; Boasso, 2011;Makala et al., 2011). Ablating the IDO1
gene in mice also enhanced their resistance to tumor formation
in the standard of inflammation-dependent, carcinogen-induced
(DMBA/TPA) cancer model (Banerjee et al., 2008). The unrelated
enzyme tryptophan dioxygenase (TDO) is also expressed by some
tumors and, like IDO catalyzes oxidative tryptophan catabolism to
produce kynurenines (Opitz et al., 2011). Thus pre-malignant cells
expressing IDO or TDO may create immune privilege via (a) tryp-
tophan depletion to activate the general control non-derepressible-
2 (GCN2) dependent integrated stress response (ISR) to amino
acid withdrawal, and (b) kynurenine that binds to the aryl hydro-
carbon receptor (AhR). Early induction of these (and perhaps

other) metabolic processes may be critical steps in disease pro-
gression leading to the hypo-immune syndromes that characterize
tumor growth and chronic infections. In this regard it may be sig-
nificant that UV-irradiation (UVB) creates skin edema and asso-
ciated inflammatory responses that include local IDO induction
(unpublished data). Interestingly, skin tanning in response to UVB
is mediated by the AhR (Jux et al., 2011), suggesting that exposure
to UVB irradiation has both desirable and detrimental effects due
to altered tryptophan metabolism. If these notions are correct
early treatments to block immune regulatory processes may be
effective in reducing the risk of contracting cancer and chronic
infections. However, it is important to stress that IDO may serve
dual functions as (a) an immune regulatory pathway that benefits
developing tumors and pathogens, or (b) a host defense mecha-
nism that impedes tumor growth and microbial infections to the
benefit of hosts. This is a key consideration as the dominant effects
of IDO at sites of inflammation may not be clear from simple
observation, and must be determined by appropriate manipu-
lation of experimental systems. For example, IDO is a frequent
component of chronic inflammation associated with autoimmune
destruction of healthy tissues, a correlation that could be inter-
preted as evidence that IDO promotes autoimmune pathology.
However, exposure to IDO inhibitors accelerates autoimmune
progression and potentiates disease severity in many autoimmune
disease models, revealing that IDO regulates destructive autoim-
munity in these syndromes. A helpful analogy to bear in mind is
that firefighters are always in attendance at fires, but their presence
does not guarantee that fires will eventually be brought under con-
trol to prevent total destruction. In summary, pre-malignancies
and pathogens may exploit innate “host” regulatory mechanisms
such as IDO to create local conditions that permit these agents
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of disease to evade immune surveillance during the early phases
of tumor development and infections. This paradigm implies that
IDO-mediated regulation that creates immune privilege may be
a key factor in disease progression, and not simply a target for
therapy to break immune privilege in patients with established
tumors and chronic infections. If correct, treatments that target
the IDO pathway may reduce the risk that pre-malignancies and
persistent pathogens establish immune privilege before they can
create pathologic disease. However, such interventions may also
interfere with homeostatic control of immunity to self-antigens
and innocuous antigens such as allergens, and it remains to be
determined if appropriate balances between hyper-immunity and
prevention of diseases due to hypo-immunity can be engineered
through early therapeutic interventions in individuals with high
risk profiles.

CHECKPOINT B

Antigen presentation and lymphocyte activation in local draining
lymph nodes

Presenting antigens to lymphocytes is necessary, but may not be
sufficient to provoke adaptive immunity. Antigens in the local
inflammatory lesion, usually skin or a mucosal surface, are cap-
tured by resident tissue macrophages (M¢s) and dendritic cells
(DCs) via phagocytosis or pinocytosis. DCs are specialized to
undergo rapid maturation in response to innate inflammatory
cues (generated at Checkpoint A), and migrate to local drain-
ing lymph nodes (dLNs) where they present processed antigens,
in the form of peptides bound to surface MHC molecules, to
T cells. Hence mature DCs are “professional antigen presenting
cells” (APCs) that present antigens from (a) external sources such
as pathogens or innocuous substances (food, allergens commensal
microbes), and (b) tissue (self) antigens to T cells. T cells that rec-
ognize MHC/peptides in dLNs then undergo rapid activation and
differentiation to generate helper T cells that promote optimal
cellular and humoral responses, and effector (cytolytic) T cells.
The processes of acquiring, transporting, and presenting antigens
to T cells in dLNs may be subject to regulation in some settings
of inflammation. Inhibiting DC maturation or migration would
impede the process of generating helper/effector T cells. More-
over, immature DCs that enter dLNs may present antigens (signal
1) in the context of sub-optimal B7-CD28 co-stimulation (sig-
nal 2) leading to weak and ineffective T cell responses (Hackstein
and Thomson, 2004). Even fully mature DCs may suppress effector
responses if they acquire regulatory attributes that promote anergy
or apoptosis in T cells that respond to antigens they present, and
regulatory DCs may also induce naive T cells to convert into regu-
latory T cells (Tregs; Reis e Sousa, 2006). Negative co-stimulatory
pathways (e.g., PD-1/PD-L, ICO/ICOS-L) and certain metabolic
processes (see below) may also attenuate effector responses and
promote tolerance in dLNs. For example, DCs expressing IDO
possess mature phenotypes but block effector T cell responses,
promote CD4 T cell conversion into Foxp3-lineage Tregs, and
activate pre-formed Tregs (Mellor et al., 2004, 2005; Munn et al.,
2004;Baban et al., 2005, 2009, 2011;Sharma et al., 2007; Chen
etal., 2008; Brenk et al., 2009;Chung et al., 2009). Thus DCs com-
petent to express IDO or other regulatory pathways in response
to appropriate cues may be pivotal in shaping adaptive immune

responses to primary insults contingent on whether they are — or
are not — induced to acquire regulatory phenotypes in particular
settings of inflammation.

CHECKPOINT C

Prevailing regulatory conditions in draining LNs

Lymphoid tissues exhibit differential capacities to promote and
support adaptive immunity. Thus skin dLNs typically support
robust adaptive immune responses to a range of topical insults
(though not all, see below), while LNs draining mucosal surfaces
generally support weak adaptive immune responses due to pre-
vailing physiologic conditions at these sites (Kraal et al., 2006).
Thus, even if tissue DCs mature efficiently, and migrate in large
numbers from primary lesions to dLNs their ability to promote
effective adaptive immune responses to antigens they present is
critically dependent on the prevailing physiologic status of dLNGs.
Some factors and pathways discussed in Checkpoint B may also
help establish and sustain regulatory conditions that prevail in
some lymphoid tissues, and regulatory cytokines such as TGFp
may be critical to maintain such conditions during homeosta-
sis. The constitutive presence of certain cytokines may dictate the
local “immunologic tone” in homeostatic tissues, but they may
also reflect local cellular states pre-determined during homeosta-
sis. For example, immunologic tone may be pre-determined by
the relative proportions of pre-formed Tregs in a given lymphoid
tissue, which in turn affects the ability of APCs to present anti-
gens in a regulatory or stimulatory context through differential
“licensing” of APCs by Tregs or helper T cells. As discussed below,
the presence or absence of DCs expressing IDO may be a pivotal
determinant of prevailing immunologic tone in lymphoid tissues.

CHECKPOINT D

Induced immune regulation in inflamed target tissues

Responses to primary insults elaborated via local dLNs may
include regulatory components that impact what happens in tar-
get tissues affected by the primary insult. Over time, certain cell
types with immune regulatory attributes may accumulate in pri-
mary lesions to dampen down initial pro-inflammatory responses.
Indeed, delayed suppression of overt immunity is considered
essential to attenuate induced immune responses as local infec-
tions are brought under control and pathogens are cleared from
primary lesions. Several cell types possessing a variety of regulatory
pathways may help down-regulate immune responses, including
(but probably not limited to) lymphocytes, myeloid cells (Mds,
DCs), natural killer (NK) cells, mast cells, and enigmatic myeloid-
derived suppressor cells (MDSCs) and mesenchymal stem cells
found in many settings of inflammation where hypo-immunity
manifests (Ding et al., 2010; De Vries et al., 2011; Mantovani
etal.,2011; Murphyetal.,2011;0strand-Rosenberg et al., 2012). In
transplant settings tolerogenic factors that protect allografted tis-
sues are complex, involving immunologic and metabolic processes
required on a continuous basis, as disrupting these mechanisms
usually leads to graft rejection even after prolonged periods of
allograft acceptance (Cobbold, 2010). Thus regulatory cells and
factors such as cytokines and IDO that promote immune reg-
ulation may be essential to maintain hypo-immunity following
adaptive immune responses as well as mediating early responses
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that promote hypo-immunity (Checkpoint A). It remains to be
seen if similar processes promote and maintain immune privilege
in inflamed tissues.

IDO BIOCHEMISTRY AND METABOLIC EFFECTS ON IMMUNE
CELLS

IDO is a highly conserved, heme-containing intracellular enzyme
that catabolizes compounds containing indole rings such as the
essential amino acid tryptophan. Two closely linked, homologous
IDO genes (IDO1, IDO2) are located in syntenic regions of chro-
mosome 8 in humans and mice. IDO1 and IDO2 may respond to
distinct signals since their patterns of gene expression are notiden-
tical. IDO1 encodes functional IDO protein that regulates T cell
responses when expressed in some DCs while IDO?2 is expressed
in other cell types. Unlike IDO genes, TDO gene expression is
controlled by stress factors such as glucocorticoids, not inflam-
matory IFNs. Here we focus on the role of IDO1 gene expression
immune regulation. Though IDO is expressed by few cell types
during homeostasis a number of cell types mediate IDO enzyme
activity in response to inflammatory insults including stromal,
hematopoietic, and tumor cells. Interferons type I (IFNaf) and
II (IFNY) are potent IDO inducers due to the presence of inter-
feron stimulated response element (ISRE) and interferon-gamma
activated sequence (GAS) elements in the proximal gene pro-
moters of mammalian IDO genes (Dai and Gupta, 1990; Chon
et al., 1995). Other molecular signals from cytokines (TGFB, IL-
10), Toll-like receptor (TLRs), B7, CD200, GITR, OX40, PD-1,
and AhR ligands may also promote IDO expression, though in
some cases IDO induction may be an indirect response to IFNs
elicited by primary signals (see below). Mds expressing IDO in
response to certain infections such as Toxoplasma also mediate
innate host defense. Though IDO does not affect sterile clear-
ance of Toxoplasma infections in mice, IDO ablation led to 100%
mortality showing that IDO plays a crucial regulatory role in host—
pathogen interactions in this chronic infection (Divanovic et al.,
2012). IDO was first shown to regulate T cell immunity to fetal
tissues during pregnancy (essentially a tolerated allograft) since
treatment with the IDO inhibitor 1-methyl-tryptophan (1MT)
caused pregnancy failure in mice due to maternal T cell mediated
destruction of allogeneic but not syngeneic fetal tissues (Munn
et al., 1998; Mellor et al.,, 2001). Since then IDO activity has
been linked to tumor-induced tolerance, persistence of chronic
infections, and attenuation of autoimmune, and allergic disease
syndromes.

As mentioned above DCs expressing IDO suppress antigen-
specific T cell responses. IDO activity in DCs does not attenuate
antigen presentation and T cell activation but causes activated
T cells to undergo cell cycle arrest and apoptosis, or induce
anergy and promote Tregs conversion. IDO activity may sup-
press T cell responses in three ways: (a) tryptophan withdrawal,
(b) production of kynurenines, and (c) altered redox potentials
due to consumption of superoxide radicals (Figure 2). Reduced
access to tryptophan during T cell activation triggers cell cycle
arrest by activating GCN2 kinase, which senses reduced amino
acid levels when uncharged tRNA molecules bind to ribosomes.
GCN2 kinase phosphorylates eIF2a at serine 51 to inhibit general
protein synthesis, and activate downstream stress response genes

1-methyl-tryptophan (1MT)
M OH Ipo (X Nitric oxide

Oxygen Radicals
2x o0

y ‘ .
Cell Signaling

Tryptophan » Cell Stress PDK1 pathway
withdrawal GCN2 pathway (ISR) AhR ligation
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T cell suppression/death
Treg conversion
Treg activation

FIGURE 2 | Metabolic effects of IDO activity on immune cells.

such as CCAAT/enhancer-binding protein homologous protein
(CHOP) which has pro-apoptotic functions. T cells from GCN2-
deficient mice were resistant to the regulation by DCs expressing
IDO (Munn et al,, 2005), and resting Tregs from GCN2-deficient
mice did not acquire regulatory phenotypes in response to DCs
expressing IDO (Sharma et al., 2007; Baban et al., 2009). Arginase
activity in M¢s had similar effects on T cells and Tregs indi-
cating that GCN2 kinase activation is a common downstream
pathway by which amino acid catabolism promotes immune reg-
ulation (Bronte and Zanovello, 2005; Rodriguez et al., 2007).
Some tryptophan catabolites made by IDO-expressing DCs also
possess regulatory attributes by inhibiting T cell proliferation,
inducing T cell apoptosis, and blocking differentiation of Tj1
helper cells (Frumento et al., 2002; Terness et al., 2002;Fallar-
ino et al., 2003; Chen et al., 2008). Consistent with this notion
3-hydroxyanthranilic acid (3-HAA) blocked T cell responses and
promoted T cell apoptosis by depletion of intracellular glutathione
(GSH) and by inhibition of PDK1, which is an essential mediator
of CD28-induced NFkB activation (Lee et al., 2010). Recent stud-
ies showing that kynurenine binds to AhR and that AhR signaling
regulates T cell responses and activates Tregs also provide mecha-
nistic explanations for IDO-mediated T cell regulation (Quintana
et al., 2008; Vogel et al., 2008;Bankoti et al., 2010; Mezrich et al.,
2010; Opitz et al., 2011). T cells may also be sensitive to changes
in redox potential mediated by IDO activity in DCs. Reactive oxy-
gen species (ROS) produced by phagocytes and other activated
immune cells such as neutrophils have potent effects on cell metab-
olism and biological functions. Thus, mice with a genetic defect
(pHox49-deficient) in NADPH oxidase-dependent ROS produc-
tion exhibited defective IDO activity that contributed to T cell
hyperactivity in a model of pulmonary aspergillosis, analogous
to patients susceptible to chronic granulomatous disease (CGD;
Romani et al., 2008). In vitro studies also showed that treatment
of human NK cell line with IDO metabolite, L-kynurenine, sig-
nificantly reduced cell viability through generation of ROS (Song
etal., 2011).

IDO activity also blocks functional re-programming of pre-
formed, resting Tregs into polyfunctional helper/effector (T,17) T
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cells in certain settings of inflammation. Thus, IDO activity in DCs
activated GCN2 kinase in Tregs, and inhibited IL-6 production in
tumor dLNs and in mice treated with TLRY ligands to induce
IDO (Baban et al., 2009; Sharma et al., 2009). Moreover, IDO-
mediated Treg activation in response to systemic TLR9 ligands was
dependent on regulatory cytokines (TGFf, IL-10) and negative co-
stimulation via CTLA4/B7 and PD-1/PD-L interactions between
Tregs and DCs that maintained competence of DCs to express
IDO in response to TLR9-induced IFN type I signaling (Baban
et al., 2011). These data suggest that multiple pathways maintain
default responsiveness via IDO to create regulatory outcomes dur-
ing homeostasis, and that inflammatory signals must overcome
these default regulatory pathways to promote pro-inflammatory,
immune stimulatory outcomes. For example, vaccination with
antigen plus (low dose) TLRY ligands promoted Treg conversion
into effector T cells, which were essential for initial priming of
effector CD8 T cells by cross-presented antigens (Sharma et al.,
2010). However IDO expression induced by established tumors
prevented Treg re-programming, indicating that IDO was critical
in regulating early effector T cell responses during inflammation
and that vaccines were rendered ineffective, unless IDO activity
was ablated. In human immunodeficiency virus (HIV) infected
patients, elevated IDO activity by myeloid DCs was associated
with loss of T},17 cells and increase of Tregs (Favre et al., 2010).
Thus IDO has a critical role in maintaining the balance of Tregs
and helper/effector T cells, and may be critical for pathogens to
persist in immunocompetent hosts despite host defense functions
of IDO in some infections.

IDO-COMPETENT DCs

Denderitic cells are the only APC type capable of activating naive T
cells, underscoring their critical role in initiating T cell immu-
nity. Few DCs in humans and mice are competent to express
functional IDO. Though murine CD8~ and CD8" DC subsets
expressed IDO protein in response to IFNYy treatment, only CD8"
DCs produced kynurenine, indicating IDO enzyme activity (Fal-
larino et al.,, 2002). Systemic treatments with soluble CTLA4
(CTLA4-Ig) and relatively high doses of TLRY ligands (CpGs)
were also able to induce CD8" DCs to express functional IDO
by ligating B7 or TLR9 molecules and inducing IDO via IFNa
signaling in a rare, but distinctive subset of splenic CD19% DCs
co-expressing CD8, the plasmacytoid DC (pDC) marker B220, as
well as CD19 and other B cell markers (Grohmann et al., 2002;
Mellor et al., 2003, 2005;Baban et al., 2005;Johnson et al., 2010).
In humans, monocyte-derived DCs competent to express IDO in
response to IFNy were a discrete subset of DCs expressing the
chemokine receptor CCR6 and the pDC marker CD123 (Munn
etal.,2002), and human DCs expressing IDO in response to CpGs
also exhibited pDC attributes (Chen et al., 2008).

The relative paucity of IDO-competent DCs in mice (~10%
of total splenic DCs) and humans is a technical problem. To help
counter this problem, we developed robust (MLR-based) assays to
detect T cell suppression mediated by IDO™ DCs from mice bear-
ing tumors or treated with IDO inducers (Table 1). Using these
DC suppression assays, and analogous assays to detect suppression
mediated by small numbers of Tregs from lymphoid tissues, we
determined that IDO™ DCs mediate T cell suppression by blocking

Table 1 | IDO pathway inhibitors and inducers.

Effect Compound Mechanism (pathway) Reference
IDO inhibitor d-TMT IDO pathway Hou et al. (2007)
MTH-Trp IDO enzyme Muller et al. (2005a)
Brassinin IDO enzyme Gaspari et al. (2006)
5l IDO enzyme Yue et al. (2009)
Imatinib PK inhibitor Balachandran et al. (2011)
IDO inducer Type | and Type Il IFNs* JAK/STAT (IDO promoter) Taylor and Feng (1991), Mellor et al. (2005)
CTLA4-Ig B7 ligand (FOXO3a) Baban et al. (2005), Fallarino et al. (2004b)
CD40-Ig IFNy induction in CD8T cells Guillonneau et al. (2007)
LPS* TLR4 ligand (IFN type 1) Fujigaki et al. (2006)
CpG* TLR9 ligand (IFN type I) Mellor et al. (2005)
Resiquimod* TLR7/8 ligand (IFN type ) Manches et al. (2008)
poly(l:C)* TLR3 ligand (IFN type 1) Wang et al. (2011)
Dexamethasone* GITR ligand Grohmann et al. (2007)
CD200 CD200R ligand Fallarino et al. (2004a)
4-1BB IFN y induction in CD8T cells Seo et al. (2004)
PGE2 Unknown Von Bergwelt-Baildon et al. (2006)
sCD83 Unknown Lan et al. (2010)
IgE/anti-IgE FceRI aggregation Von Bubnoff et al. (2002)
HDAC inhibitor* HDAC inhibition Reddy et al. (2008)
Dioxin* AhR ligand Vogel et al. (2008)

d-TMT 1-Methyl-d-tryptophan, MTH-Trp, methyl-thiohydantoin-tryptophan, CTLA4, Cytotoxic -Lymphocyte Antigen 4, LPS, Lipopolysaccharide; GITR, glucocorticoid-

induced TNFR-related protein; HADC, histone deacetylase; AhR, aryl hydrocarbon receptor.

*Reagents with known toxic and/or pro-inflammatory (immune stimulatory) effects in vivo.
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clonal expansion of activated T cell, and by activating pre-formed,
functionally quiescent (resting) Tregs to mediate bystander sup-
pression. A distinctive feature of IDO-activated Tregs from tumor-
bearing mice and mice treated with systemic TLR9 ligands was
that suppression depended on interactions between PD-1 and its
ligands PD-L1 and PD-L2. Intact GCN2 genes (in Tregs) were
essential for Tregs to activate in response to IDO activity in DCs,
emphasizing the critical role of tryptophan depletion in driving
regulatory outcomes (Sharma et al., 2007; Baban et al., 2009).
Increasing evidence also points to roles for tryptophan catabolites
in promoting regulatory outcomes since kynurenine is an AhR lig-
and that drives Treg conversion from naive CD4 T cells (Mezrich
et al., 2010; Nguyen et al., 2010). Moreover, requirements for sig-
nals from CTLA4, PD-1, TGFB, and IL-10 for CD19" DCs to
up-regulate IDO in response to TLR9 ligands suggest that IDO-
competence is maintained by constitutive interactions between
CD19% DCs and resting Tregs during homeostasis (Baban et al.,
2011). Loss of any one of these molecular pathways caused Foxp3-
lineage Tregs to undergo rapid functional re-programming into
helper/effector T cells expressing TNFa, IL-17 IL-2 and IFNy,
probably due to IL-6 production which is suppressed by IDO
activity in DCs. Thus, the relative numbers of CD19" DCs and
Tregs and several non-redundant molecular pathways may be key
factors that determine “immunologic tone” in particular lymphoid
tissues (Checkpoint C) by regulating the ability of Tregs to become
potent suppressor cells or polyfunctional helper/effector T cells in
response to inflammatory cues.

MANIPULATING IDO TO CREATE OR DESTROY IMMUNE
PRIVILEGE

Immune privilege helps protect tissues from damage mediated
by excess immune responses generated when inflammation low-
ers thresholds that keep innate autoimmunity in check during
homeostasis. In transplant settings artificial creation of immune
privilege to mimic local tolerance induced by tumors and some
pathogens that cause chronic infections is a key strategy to enhance
allograft survival. Hence, manipulating the IDO pathway to create
or destroy immune privilege offers potential therapeutic strategies
to treat a range of chronic inflammatory disease syndromes.

USING IDO PATHWAY INHIBITORS TO ATTENUATE ESTABLISHED
IMMUNE PRIVILEGE

Inhibiting the IDO pathway is a potential strategy to treat patients
with hypo-immune syndromes (cancer and chronic infections)
caused by induced immune privilege that permits persistence and
progression of tumors and pathogen infections in immunocom-
petent individuals. In this section we discuss recent progress in
developing new methods to inhibit IDO that may be effective in
treating patients with cancer and chronic infections. We focus on
the use of pharmacologic IDO pathway inhibitors to achieve this
goal, though strategies using si/shRNA to knockdown IDO gene
expression in specific cell or tissue types may be an alternative
approach to achieve similar goals (Zheng et al., 2006; Flatekval
and Sioud, 2009;Yen et al., 2009; Huang et al., 2011).

Cancer
At sites of tumor growth tryptophan catabolism mediated by IDO
in host APCs, or IDO, or TDO in tumor cells can promote and

sustain immune privilege. In humans, IDO1 expression in numer-
ous tumor cell types is a significant predictor of poor prognosis
(Sakurai et al., 2004; Astigiano et al., 2005;Brandacher et al., 2006;
Ino et al., 2006;Riesenberg et al., 2007; Takao et al., 2007;Pan et al.,
2008). In murine models, transfection of immunogenic tumor cell
lines with recombinant IDO1 or TDO rendered them immuno-
suppressive and lethally progressive in vivo (Uyttenhove et al.,
2003; Pilotte et al., 2012). The role of IDO in tumor immuno-
suppression was initially investigated using the racemic mixture
of the IDO inhibitor IMT (p,.-1MT). Thus p,L-1MT adminis-
tration to mice bearing tumors that over-expressed IDO due to
transfection or genetic deficiency of the tumor-suppressor Binl
(leading to IDO1 over-expression) enhanced anti-tumor immu-
nity and slowed tumor growth (Friberg et al., 2002; Uyttenhove
etal.,2003;Muller etal.,2005b). Moreover p,L-1MT treatment syn-
ergized with several chemo-immunotherapy regimens to enhance
anti-tumor effects in mice, as well as in regimens involving com-
bination with radiotherapy (Muller et al., 2005b; Hou et al., 2007).
A key question regarding p,L.-1MT was whether both p and ¢
stereoisomers of IMT were biologically active. Based on in vitro
assays using purified rabbit intestinal IDO L-1MT it was assumed
that L-1MT would be more effective than p-1MT as an IDO
inhibitor to promote T cell mediated anti-tumor immunity in vivo
(Peterson et al., 1994). Unexpectedly, b-1MT was as effective, or
more potent than L-1MT than the racemic mixture in restoring
proliferation of T cells suppressed by physiologic IDO™ pDCs
(Munn et al., 2002). In addition, b-1MT was more effective than
L-1MT in reversing suppression of T cell proliferation created
by IDO™ human monocyte-derived DCs and murine DCs from
tumor-dLNs, and restored proliferation of primary CD4" and
CD8™ T cells blocked by IDO™ fibroblast cells (Hou et al., 2007;
Forouzandeh et al., 2008). p-1MT was also more effective than L-
IMT as an anti-cancer agent in chemo-immunotherapy regimens
in mouse models of transplantable melanoma and transplantable
and autochthonous breast cancer (Hou et al., 2007). Despite these
indications of superior p-1MT efficacy as an anti-tumor drug the
molecular target of p-1MT has not been defined as p-1MT did not
inhibit enzyme activity of recombinant human and murine IDO1
protein in cell-free assays, and IDO enzyme activity in human
tumor cell lines and cell lines transfected with IDO1 genes (Lob
et al., 2009). Nevertheless the anti-tumor and T cell enhancing
effects of p-1MT were abrogated in the absence of functional
IDO1 genes, and IDO1-deficient mice developed tumors that were
not sensitized to chemo-immunotherapy involving p-1IMT (Hou
et al., 2007). Thus, the pharmacologic effects of p-1IMT mani-
fested only when the IDO1 pathway was intact, and p-1MT targets
DCs that attenuate T cell responses. Several mechanisms could
explain how p-1MT inhibits the IDO pathway in DCs while not
inhibiting IDO enzyme activity directly as follows; (a) inhibition
of high affinity tryptophan transporters in DCs to block substrate
supply to IDO; (b) inhibition of uncharacterized IDO1 enzyme
isoforms produced by RNA editing, post-translational modifi-
cations or association with other proteins into supramolecular
complexes in DCs; (c) p-1MT conversion into the active enzymatic
inhibitor L-1MT; (d) mimicking signals of tryptophan sufficiency,
or blocking signals of tryptophan deficiency or downstream sig-
nals elicited by tryptophan metabolites in DCs. Regarding the last
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mechanism, p-1MT may block downstream GCN2 activation or
AhR signaling mediated by tryptophan withdrawal and kynure-
nine production. Thus p-IMT may target the “IDO pathway”
but not IDO enzyme. Interestingly, the PK inhibitor Imatinib
mesylate (Gleevec), an effective treatment for patients with gas-
trointestinal stromal tumor (GIST), blocked PK-mediated IDO
induction in a mouse model of GIST (Balachandran et al., 2011).
In addition halofuginone (Hf), a derivative of the bioactive com-
pound Febrifugine found in a traditional Chinese herbal medicine,
bypasses IDO by activating GCN2 kinase to block effector Ty 17
responses (Sundrud et al., 2009). Recently, the molecular target of
Hf was identified as glutamyl-prolyl-tRNA synthetase (EPRS), and
Hf was shown to inhibit prolyl-tRNA synthetase activity (Keller
etal.,2012). Thus Imatinib and Hf act, at least in part, by targeting
components of the IDO pathway but not IDO directly to pheno-
copy IDO-mediated effects, and p-1MT may have a similar mode
of action. It remains to be seen if D-1MT will be effective in can-
cer patients. Early indications from Phase I clinical trials hinted at
efficacy that manifested as hypophysitis (in which the immune sys-
tem attacks the pituitary gland) in some patients who had received
prior antibody immunotherapy treatment (Garber, 2012). Anti-
tumor efficacy is more likely to manifest when p-1MT is used in
combination with other anti-cancer treatments because blocking
IDO does not incite anti-tumor immunity per se. The anti-tumor
and immune enhancing effects of p-IMT treatment were also
replicated by administering other compounds that inhibit IDO1-
encoded IDO enzyme activity in vitro and in IDO1-transfected
cells such as 5-Br-brassinin, menadione, methyl-thiohydantoin-
tryptophan, and analogs of phenylimidazole (Muller and Scherle,
20065 Banerjee et al., 2008;Kumar et al., 2008). Recently, hydrox-
yamidine inhibitors were also reported to suppress tryptophan
catabolism and possess anti-tumor activity (Yue et al., 2009; Kob-
lish et al., 2010;Liu et al., 2010), and TDO inhibitors may also be
effective anti-tumor drugs based on a recent report that Kyn from
tumor cells expressing TDO promoted tumor-induced immune
privilege via AhR signaling (Opitz et al., 2011).

Chronic infections

The use of IDO inhibitors to enhance host immunity to infec-
tious pathogens may seem paradoxical based on findings that M¢s
expressing IDO can mediate innate host defense in some infectious
disease settings such as Toxoplasma, Trypanosoma, Chlamydia, and
(Vincendeau et al., 1999; Njau et al., 2009;Knubel et al., 2010).
Moreover IDO inhibition failed to restrict herpes simplex virus
type 1 (HSV-1) replication or latency, and reactivated latent tox-
oplasma infections in mice leading to mortality (Divanovic et al.,
2012). Nevertheless from the perspective of some pathogens, the
disadvantages of needing to survive against IDO-mediated innate
host defense may be outweighed by the potential advantages of
IDO-mediated regulation of host adaptive immunity. For exam-
ple HIV-1, which causes AIDS, is a potent IDO inducer leading
to altered Ty 17/Treg balance that may favor HIV-1 persistence
(Boasso et al., 2007, 2009;Favre et al., 2010) In effect, HIV-1 may
be an example of a pathogen that has evolved to exploit the
IDO pathway as a means to prevent host-mediated viral clear-
ance. If correct, this notion suggests that IDO inhibitors may
destroy HIV-1-induced immune privilege that suppresses natural

and vaccine-induced anti-HIV-1 immunity. Consistent with this
idea, Boasso etal. (2009) reported that combined p-1MT, and anti-
retroviral therapy (ART) lowered virus titers in simian immun-
odeficiency virus (SIV)-infected rhesus macaques. Similar effects
of p-1MT on lowering parasite burdens were observed in mice
infected with Leishmania major (Makala et al., 2011; Divanovic
et al., 2012). In vitro data showed 1MT treatment restored M.
tuberculosis-specific CD4 T cell effector functions by increasing
IFNYy production (Li et al., 2011). These observations support the
use of IDO pathway inhibitors as a possible method to destroy
pathogen-induced immune privilege; however, opposing effects
of IDO pathway inhibitors on host defense mechanisms that
maintain stable host—pathogen relationships developed over evo-
lutionary time may complicate efforts to apply this basic approach
in clinical settings.

Vaccines

Regulatory pathways that create and maintain immune privilege
may block or attenuate responses to vaccines designed to induce
protective and therapeutic immunity in settings of cancer and
chronic infections. Established tumors and infections are notori-
ously resistant to vaccine-induced immunity due to the intensity
of local suppressive mechanisms. However,a common assumption
is that regulatory pathways do not impede responses to prophy-
lactic vaccines. This assumption may not be entirely correct in
some cases. For example, the vaccine adjuvant effects of the NK
cell inducer and CD1d ligand alpha-galactosylceramide (agalcer)
was masked by rapid induction of IDO in mice vaccinated with
inactivated influenza A virus, and co-treatment with IDO inhibitor
(IMT) augmented primary T cell responses to vaccination, though
did not enhance memory T cell generation (Guillonneau et al,,
2009). It is unclear why IDO was induced rapidly in this model;
one potential explanation is that IFNy from activated NK cells
stimulated local IDO expression, though a subset of DCs express-
ing CD1d may respond directly to agalcer by expressing IDO.
In a recent report SIV infected macaques treated with a SIV-
based vaccine and ART simultaneously succumbed to lethal acute
pancreatitis and hyperglycemic coma when vaccination and ART
were combined with b-1MT and CTLA4 mAb blockade to inhibit
immune regulatory pathways (Vaccari et al.,, 2012). This study
revealed that IDO and/or CTLA4 regulatory pathways impede cat-
astrophic host responses to ART-related toxicities, and sounds a
precautionary note that interfering with regulatory pathways dur-
ing vaccination can provoke undesirable toxicities. Nevertheless,
optimal vaccine design should take into account the effects of host
regulatory pathways, especially in therapeutic settings when estab-
lished immune privilege may completely eliminate any beneficial
effects of vaccine administration where it matters, namely at local
sites of tumor growth and infection.

USING IDO INDUCERS AND TRYPTOPHAN METABOLITES TO CREATE
IMMUNE PRIVILEGE

Autoimmunity, allergy, and transplantation are all hyper-immune
syndromes in which excessive immunity damages healthy tissues.
Regulatory pathways are often chronically activated in such set-
tings. Though enhanced regulation may delay disease progression
and onset and reduce the severity of disease pathology enhanced
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regulation may not prevent disease progression completely; a
pertinent analogy is driving a car with the parking brake on.
Thus, IDO enzyme activity is often elevated in hyper-immune
syndromes (increased Kyn in blood and tissues) and IDO slows
but does not prevent disease progression. Nevertheless, enhancing
IDO expression and activity may be a potential strategy to amelio-
rate hyper-immune syndromes and protect healthy tissues in the
same way that IDO-mediated dominant regulation protects allo-
geneic fetal tissues from destruction by maternal T cell cells. Three
broad strategies may help achieve this goal; (a) IDO gene transfer
into vulnerable tissues, (b) treatment with reagents that induce
IDO, and (c) treatment with reagents that mediate downstream
regulatory effects of IDO. In this section we discuss progress in
developing these complementary strategies to treat hyper-immune
syndromes.

IDO gene transfer

IDO gene transfer to drive increased IDO expression in local tis-
sues is the most direct strategy to attenuate hyper-immunity. IDO
gene transfer into donor tissues prolonged allograft survival in
corneal (Beutelspacher et al., 2006), cardiac (Li et al., 2007), and
lung transplantation (Swanson et al., 2004; Liu et al., 2006a,b,
2007, 2009). The mechanism of enhanced allograft survival is not
fully understood, but correlated with reduced clonal expansion of
donor-specific effector T cells and attenuated effector functions
of CD8 T cells that were generated and migrated to donor tis-
sues expressing increased IDO (Liu et al., 2009). Reduced cytokine
levels, T cell proliferative capacity, and increased Tregs were asso-
ciated with protection of cardiac allografts transfected with IDO
(Yuetal., 2008). Regardless of the exact mechanisms of transplant
protection in these models, these findings support the use of IDO
gene transfer as a potential means to protect healthy tissues in
clinical settings. However, the creation of more robust immune
privilege by over-expressing IDO may have unintended and unde-
sirable consequences that may preclude clinical application such as
increased risks of infection and tumor formation in tissues where
IDO activity is artificially and constitutively elevated.

IDO inducing reagents

Table 1 lists some biologic and pharmacologic reagents that have
been reported to induce IDO activity in mice or cell lines. A key
consideration from a clinical perspective is that reagents to induce
IDO must have minimal toxicities, as it is likely that extended
(chronic) treatments will be needed to attenuate established hyper-
immune disease syndromes. This consideration precludes the use
of many reagents listed in Table 1 due to known toxicities. For
example, type I and II IFNs that induce IDO via receptors dis-
tributed on many cell types via JAK-STAT signaling pathways
have documented toxicities. However, IFN type I is the current
standard-of-care for some hyper-immune syndromes, despite the
undesirable side-effects of chronic exposure to exogenous IFN
type I. Thus, IFNB is used to treat patients with multiple sclerosis
(MS), and pegylated-IFNa is used to treat patients with hepati-
tis C virus (HCV) infections in combination with Ribovirin, a
broad range anti-viral drug (Masarone and Persico, 2011). The
mode of action of type I IFNs in these settings is not fully under-
stood. However signaling via IFN type I receptors on myeloid

cells attenuated experimental autoimmune encephalitis (EAE) dis-
ease progression and severity in mice, a widely accepted model
of MS (Prinz et al., 2008). Type I IFNs may be pivotal regula-
tors of host immunity in a range of autoimmune and chronic
infections diseases such as HIV and HCV. For this reason pDCs
may be critical mediators of hyper-immune syndromes since they
are major (but not exclusive) sources of type I IFNs, especially
in response to pathogen-associated molecular patterns (PAMPs)
such as TLRs. It may be pertinent that IDO-competent DCs in
humans and mice exhibit attributes that overlap with those of
conventional pDCs, as well as other lymphoid and myeloid sub-
sets (Munn et al., 2002; Chen et al., 2008;Johnson et al., 2010).
Nevertheless, the role of IFNs, and the cells that produce IFNs, in
hyper-immune syndromes is far from clear as IFNs mediate mul-
tiple downstream effects that encompass immune stimulatory and
immune regulatory pathways.

The B7 (CD80/86) ligand CTLA4-Ig was designed as reagents to
block co-stimulation required to generate effector T cells. CTLA4-
Iginduces some DC subsets to express IDO and acquire tolerogenic
phenotypes due to “reverse signaling” via B7 molecules. Thus B7
ligands may promote immune privilege by co-stimulatory block-
ade and by inducing DCs to express IDO. B7 ligands approved for
clinical treatment of hyper-immune syndromes may not induce
IDO in humans as poorly defined structural features may be crit-
ical for reverse signaling via B7 to induce IDO. Hence, it is not
clear to what extent the potential IDO inducing attributes of B7
ligands may account for their clinical efficacy as immune mod-
ulators. A key issue is that reagents for clinical use are based on
human proteins that may not interact with homologous human
and mouse receptors in identical ways. In our experience CTLA4-
Ig isoforms engineered with human sequences and with modi-
fied immunoglobulin constant (Fc) domains do not induce IDO
in mice. Hence the co-stimulatory blockade attributes of such
reagents may manifest in mice but IDO-mediated effects will not.
It remains to be seen if B7 ligands engineered specifically to induce
IDO in humans are effective immune modulators in clinical set-
tings of hyper-immune syndromes. These points notwithstanding,
a recent study in mice revealed that combined CTLA4-Ig (abat-
acept) and donor-specific transfusion (DST) therapy promoted
heart allograft acceptance in an IDO and Treg dependent man-
ner (Sucher et al., 2012). Thus IDO induction, particularly in
DCs, is a pivotal checkpoint that can promote immune privilege,
though factors that control IDO induction in DCs are not fully
understood.

Several TLR ligands stimulate IDO expression and enzyme
activity in mice. The TLR4 ligand LPS induced IDO in human
peripheral blood mononuclear cells, THP-1, and U937 cell lines,
and mouse bone marrow derived DCs (Fujigaki et al., 2006; Jung
et al., 2007). LPS also induced human monocyte-derived DCs to
express IDO, which promoted DC maturation and Treg differen-
tiation (Hill et al., 2007). TLRY ligands (CpGs) also stimulated
mouse and human DCs to express IDO and acquire tolerogenic
phenotypes by autocrine/paracrine type I IFN signaling in mice
(Baban et al., 2005; Mellor et al., 2005; Chen et al., 2008). As
a consequence, TLRY ligands promoted naive CD4 T cells to
differentiate (convert) into Tregs, and caused pre-formed (rest-
ing) Tregs to acquire potent regulatory phenotypes (activate) via
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IDO (Baban et al., 2009, 2011). Despite these examples of TLR-
mediated immune regulation, TLR ligands have well-documented
pro-inflammatory and immune stimulatory attributes that pre-
clude their use as immune modulators in clinical settings of
hyper-immunity.

Other IDO inducing reagents include histone deacety-
lase (HDAC) inhibitors and dexamethasone that ligates
glucocorticoid-induced TNF receptor (GITR; Grohmann et al.,
2007; Reddy et al, 2008). Polyinosinic—polycytidylic acid
[poly(I:C)], a synthetic double stranded RNA analog and TLR3
ligand, induced human trophoblast cells to express IDO (Wang
et al., 2011). Surface ligand/receptors including CD200, 4-1BB,
and the eicosanoid prostaglandin E2 (PGE2) were also reported to
induce IDO (Fallarino et al., 2004a; Seo et al., 2004;Von Bergwelt-
Baildon et al.,, 2006). Recently, the immunomodulatory reagent
soluble CD83 (sCD83) was reported to be an IDO inducer, and
the tolerizing effects of sCD83 in a murine renal transplant model
were blocked by IDO inhibitor (Ge et al., 2010; Lan et al., 2010).
Recently, we discovered that systemic treatment of mice with
nanoparticles containing the cationic polymer polyethylenimine
(PEI) complexed with DNA stimulated IDO expression in a range
of mouse tissues including lymphoid tissues (manuscript submit-
ted). This response was unexpected as DNA/PEI nanoparticles
elicit well-documented pro-inflammatory and immune stimu-
latory responses that promote anti-tumor immunity (Rodrigo-
Garzon et al., 2010). IDO activity was induced in splenic DCs,
which activated resting Tregs via IDO and blocked antigen-specific
T cell responses to vaccines within 24 h of treatment with DNA/PEI
nanoparticles. These responses were dependent on type I, but not
type II IFN signaling. Moreover, the presence of TLR9 ligands
(CpG motifs) in bacterial (plasmid) DNA was not required to
induce IDO or type I IFN. Removing TLR9 ligands abrogated rapid
and uniform activation of NK cells, which released large amounts
of IFNY into serum in response to DNA/PEI nanoparticles con-
taining immune stimulatory bacterial plasmid DNA containing
TLRO ligands. Treating mice with DNA/PEI nanoparticles also
reduced the severity of antigen-induced arthritis, and prevented
Type 1 Diabetes (T1D) progression and onset in non-obese dia-
betic (NOD) female mice prone to T1D onset. In ongoing studies,
we are addressing the mechanism of IDO induction following
DNA/PEI nanoparticle treatment, and engineering biodegradable
isoforms of DNA/PEI nanoparticles as potential reagents to treat
clinical hyper-immune syndromes that promote immune privilege
by inducing IDO and activating Tregs.

In summary, IDO inducing reagents offer promising new
approaches to slow, prevent, or reverse hyper-immune syndromes.
Mechanisms of IDO induction and the cell types induced to
express IDO by these reagents have are not well-documented for
all IDO inducing reagents, and further studies will be necessary
to evaluate if these reagents can create robust tolerogenic pheno-
types in immune cells to create and sustain immune privilege that
protects healthy tissue at risk from hyper-immunity.

Tryptophan metabolites

Some tryptophan catabolites generated and released by cells
expressing IDO or TDO possess immunomodulatory attributes
that may promote regulation in inflamed tissues and associated

dLNs to create and maintain local immune privilege. Combined
treatment with Kyn and 3-hydroxy-anthranilic acid (3-HAA) pro-
longed allograft survival in a rat allogeneic skin transplant model
(Bauer et al., 2005), and 3-HAA treatment inhibited PDK1 activa-
tion and promoted T cell apoptosis to suppress T cell-mediated
lung pathology in a murine model of asthma (Hayashi et al,
2007). IDO-mediated elevation of Treg:Th17 ratios characteris-
tic of the progressive chronic inflammatory state that manifests
during active HIV disease may also be mediated in part by 3-HAA,
based on the finding that 3-HAA replicated this phenotype in vitro
(Favre et al., 2010). Metabolic interplay between IDO and AhR
signaling is mediated by tryptophan metabolites as Kyn is an AhR
ligand, and AhR ligands such as Kyn, 2-(1’H-indole-3’-carbonyl)-
thiazole-4-carboxylic acid methyl ester (ITE) a natural AhR ligand
found in lungs, and the artificial AhR ligand iVAG539 induce IDO
expression in DCs; in addition, Kyn promotes Treg conversion,
possibly by direct AhR-mediated effects on Tregs or indirectly by
inducing DCs to express IDO (Song et al., 2002; Hauben et al,,
2008;Vogel et al., 2008; Mezrich et al., 2010;Nguyen et al., 2010;
Opitz et al., 2011). These observations suggest that the IDO and
AhR pathways reinforce regulatory responses via positive feedback
loops involving tryptophan catabolites that are AhR ligands and
other AhR ligands that induce IDO. The metabolic effects of AhR
ligands on inflammatory responses by DCs were the subject of a
recent review (Bankoti et al., 2010).

In summary, cells expressing functional IDO or TDO may
modulate local immune effector functions by stimulating AhR
in innate and adaptive immune cells, such as T cells, Th17, Tregs,
and DCs, which reinforces IDO-mediated regulatory phenotypes
in these cells. AhR expressed on non-immune cells including
lung epithelial cells, liver hepatocytes, and endothelial cells may
also mediate cell responses in tissue development, physiological
function, and immune responses (Walisser et al., 2005; Chiba
et al., 2011, 2012), indicating ubiquitous influences of trypto-
phan metabolites on both hematopoietic and non-hematopoietic
cells. The relative importance of the immune modulatory effects
of IDO-mediated tryptophan withdrawal to trigger the ISR in
immune cells and production of tryptophan catabolites is not
known. However these novel insights identify several metabolic
pathways that create and sustain immune privilege, thereby pro-
viding new therapeutic targets to disrupt (or reinforce) immune
privilege according to clinical need. As described above, Ima-
tinib and Hf are already examples of compounds that target the
IDO pathway indirectly, though with diametric effects on T cell
immunity. These findings reinforce the hypothesis that altered
amino acid metabolism at sites of local inflammation is a pivotal
immune control mechanism that helps create and sustain immune
privilege.

SUMMARY AND PROSPECTS

In this review we summarize key recent developments relating
to the concept that induced immune privilege explains differ-
ential immunogenicities observed at local sites of inflammation.
Clearly interactions between small numbers of innate and adaptive
immune cells in microenvironmental niches exert profound influ-
ences on immune outcomes and disease progression that have not
been fully appreciated. This knowledge deficiency arose because
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key initiating events are far removed in time, and perhaps in
space too from their measurable consequences in terms of dis-
ease progression and onset. The application of new imaging tools
to examine interactions between small numbers of cells that lead
to measurable metabolic changes has potential to improve under-
standing of the fundamental biochemical and metabolic changes
that explain immunologic outcomes relevant to chronic inflam-
matory diseases. It is also clear that we are only just beginning to
understand how initial responses to inflammatory insults in tis-
sues, and the prevailing immunologic tone of lymphoid tissues
draining such tissues integrate information about the primary
insult that shapes subsequent responses in the innate and adaptive

REFERENCES

Astigiano, S., Morandi, B., Costa, R,
Mastracci, L., D’Agostino, A., Ratto,
G. B., Melioli, G., and Frumento,
G. (2005). Eosinophil granulo-
cytes account for indoleamine
2,3-dioxygenase-mediated immune
escape in  human non-small
cell lung Neoplasia 7,
390-396.

Baban, B., Chandler, P. R., Johnson,
B. A.IIIL, Huang, L., Li, M., Sharpe,
M. L., Francisco, L. M., Sharpe,
A. H., Blazar, B. R, Munn, D. H,,
and Mellor, A. L. (2011). Physio-
logic control of IDO competence in
splenic dendritic cells. J. Immunol.
187, 2329-2335.

Baban, B., Chandler, P. R., Sharma, M.
D., Pihkala, J., Koni, P. A., Munn,
D. H,, and Mellor, A. L. (2009).
IDO activates regulatory T cells
and blocks their conversion into
Th17-like T cells. J. Immunol. 183,
2475-2483.

Baban, B., Hansen, A. M., Chandler,
P. R., Manlapat, A., Bingaman, A.,
Kahler, D. J., Munn, D. H., and Mel-
lor, A. L. (2005). A minor population
of splenic dendritic cells express-
ing CD19 mediates IDO-dependent
T cell suppression via type I IFN
signaling following B7 ligation. Int.
Immunol. 17,909-919.

Balachandran, V. P, Cavnar, M. J., Zeng,
S., Bamboat, Z. M., Ocuin, L. M.,
Obaid, H., Sorenson, E. C., Popow,
R., Ariyan, C., Rossi, F, Besmer, P,
Guo, T., Antonescu, C. R., Taguchi,
T., Yuan, J., Wolchok, J. D., Allison, J.
P.,, and Dematteo, R. P. (2011). Ima-
tinib potentiates antitumor T cell
responses in gastrointestinal stromal
tumor through the inhibition of Ido.
Nat. Med. 17, 1094-1100.

Banerjee, T., Duhadaway, J. B., Gaspari,
P, Sutanto-Ward, E., Munn, D.
H., Mellor, A. L., Malachowski,
W. P, Prendergast, G. C., and
Muller, A. J. (2008). A key in vivo
antitumor mechanism of action of
natural product-based brassinins

cancer.

is inhibition of indoleamine
2,3-dioxygenase.  Oncogene 27,
2851-2857.

Bankoti, J., Rase, B., Simones, T., and
Shepherd, D. M. (2010). Functional
and phenotypic effects of AhR acti-
vation in inflammatory dendritic
cells. Toxicol. Appl. Pharmacol. 246,
18-28.

Bauer, T. M., Jiga, L. P, Chuang,
J. J., Randazzo, M., Opelz, G,
and Terness, P. (2005). Study-
ing the immunosuppressive role of
indoleamine 2,3-dioxygenase: tryp-
tophan metabolites suppress rat
allogeneic T-cell responses in vitro
and in vivo. Transpl. Int. 18, 95-100.

Beutelspacher, S. C., Pillai, R., Watson,
M. P, Tan, P. H,, Tsang, J., Mcclure,
M. O, George, A. J., and Larkin, D.
F. (2006). Function of indoleamine
2,3-dioxygenase in corneal allograft
rejection and prolongation of allo-
graft survival by over-expression.
Eur. J. Immunol. 36, 690-700.

Boasso, A. (2011). Wounding the
immune system with its own blade:
HIV-induced tryptophan catabo-
lism and pathogenesis. Curr. Med.
Chem. 18, 2247-2256.

Boasso, A., Herbeuval, J. P., Hardy, A.
W., Anderson, S. A., Dolan, M. J.,
Fuchs, D., and Shearer, G. M. (2007).
HIV inhibits CD4+ T-cell prolifer-
ation by inducing indoleamine 2,3-
dioxygenase in plasmacytoid den-
dritic cells. Blood 109, 3351-3359.

Boasso, A., Vaccari, M., Fuchs, D., Hardy,
A. W, Tsai, W. P, Tryniszewska,
E., Shearer, G. M., and Franchini,
G. (2009). Combined effect of
antiretroviral therapy and block-
ade of IDO in SIV-infected rhe-
sus macaques. J. Immunol. 182,
4313-4320.

Brandacher, G., Perathoner, A.,
Ladurner, R., Schneeberger, S.,
Obrist, P., Winkler, C., Werner,
E. R, Werner-Felmayer, G,
Weiss, H. G., Gobel, G., Mar-
greiter, R., Konigsrainer, A., Fuchs,
D., and Amberger, A. (2006).

immune systems. Some immune modulatory drugs that interfere
with processes that create local immune privilege are already
approved for clinical use, and many others are in the pipeline, with
more potential targets still to be considered. It will be interesting
to see how these new immunotherapies fare in clinical settings,
and how this field develops based on data from clinical trials and

basic research.

ACKNOWLEDGMENTS

Funding sources were the NIH (AI083005) and the Carlos and
Marguerite Mason Trust (to Andrew L. Mellor) and NewLink
Genetics Corporation (to Mario Mautino).

Prognostic value of indoleamine
2,3-dioxygenase  expression  in
colorectal cancer: effect on tumor-
infiltrating T cells. Clin. Cancer Res.
12, 1144-1151.

Brenk, M., Scheler, M., Koch, S., Neu-
mann, J., Takikawa, O., Hacker,
G., Bieber, T., and Von Bubnoff,
D. (2009). Tryptophan depriva-
tion induces inhibitory receptors
ILT3 and ILT4 on dendritic cells
favoring the induction of human
CD4+CD25+Foxp3+ T regulatory
cells. J. Immunol. 183, 145—154.

Bronte, V., and Zanovello, P. (2005).
Regulation of immune responses by
L-arginine metabolism. Nat. Rev.
Immunol. 5, 641-654.

Chen, W.,, Liang, X., Peterson, A.
J., Munn, D. H., and Blazar, B.
R. (2008). The indoleamine 2,3-
dioxygenase pathway is essential
for human plasmacytoid dendritic
cell-induced adaptive T regulatory
cell generation. J. Immunol. 181,
5396-5404.

Chiba, T., Chihara, J., and Furue, M.
(2012). Role of the arylhydrocar-
bon receptor (AhR) in the pathol-
ogy of asthma and COPD. J. Allergy
2012, 8.

Chiba, T., Uchi, H., Tsuji, G., Gondo,
H., Moroi, Y., and Furue, M. (2011).
Arylhydrocarbon receptor (AhR)
activation in airway epithelial cells
induces MUCS5AC via reactive oxy-
genspecies (ROS) production. Pulm.
Pharmacol. Ther. 24, 133-140.

Chon, S. Y., Hassanain, H. H., Pine, R,,
and Gupta, S. L. (1995). Involve-
ment of two regulatory elements
in interferon-gamma-regulated
expression of human indoleamine
2,3-dioxygenase gene. J. Interferon
Cytokine Res. 15, 517-526.

Chung, D. J., Rossi, M., Romano, E,,
Ghith, J., Yuan, J., Munn, D. H., and
Young, J. W. (2009). Indoleamine
2,3-dioxygenase-expressing mature
human monocyte-derived dendritic
cells expand potent autologous reg-
ulatory T cells. Blood 114, 555-563.

Cobbold, S. P. (2010). Combining reg-
ulation with suppression and aim-
ing for tolerance. Transplantation 89,
909-910.

Dai, W.,, and Gupta, S. L. (1990).
Regulation of indoleamine 2,3-
dioxygenase gene expression in
human fibroblasts by interferon-
gamma. Upstream control region
discriminates between interferon-
gamma and interferon-alpha. J. Biol.
Chem. 265, 19871-19877.

De Vries, V. C., Pino-Lagos, K., Nowak,
E. C.,, Bennett, K. A.,, Oliva, C.,
and Noelle, R. J. (2011). Mast cells
condition dendritic cells to medi-
ate allograft tolerance. Immunity 35,
550-561.

Ding, Y., Bushell, A., and Wood,
K. J. (2010). Mesenchymal stem-
cell immunosuppressive capabili-
ties: therapeutic implications in islet
transplantation. Transplantation 89,
270-273.

Divanovic, S., Sawtell, N. M., Trompette,
A., Warning, J. I, Dias, A., Cooper,
A. M, Yap, G. S., Arditi, M., Shi-
mada, K., Duhadaway, J. B., Prender-
gast, G. C., Basaraba, R. J., Mellor,
A. L., Munn, D. H., Aliberti, J., and
Karp, C. L. (2012). Opposing biolog-
ical functions of tryptophan catab-
olizing enzymes during intracellular
infection. J. Infect. Dis. 205,152-161.

Fallarino, E., Asselin-Paturel, C., Vacca,
C., Bianchi, R., Gizzi, S., Fioretti,
M. C., Trinchieri, G., Grohmann,
U., and Puccetti, P. (2004a). Murine
plasmacytoid dendritic cells initiate
the immunosuppressive pathway of
tryptophan catabolism in response
to CD200 receptor engagement. J.
Immunol. 173, 3748-3754.

Fallarino, E, Bianchi, R., Orabona, C,,
Vacca, C., Belladonna, M. L., Fioretti,
M. C., Serreze, D. V., Grohmann, U.,
and Puccetti, P. (2004b). CTLA-4-
Ig activates forkhead transcription
factors and protects dendritic cells
from oxidative stress in nonobese
diabetic mice. J. Exp. Med. 200,
1051-1062.

Frontiers in Immunology | Immunological Tolerance

May 2012 | Volume 3 | Article 109 | 105


http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive

Lietal.

IDO in immune privilege

Fallarino, E, Grohmann, U., Vacca, C.,
Orabona, C., Spreca, A., Fioretti,
M. C,, and Puccetti, P. (2003). T
cell apoptosis by kynurenines.
Adv.  Exp. Med. Biol. 527,
183-190.

Fallarino, E, Vacca, C., Orabona,
C., Belladonna, M. L., Bianchi,
R., Marshall, B., Keskin, D. B,
Mellor, A. L., Fioretti, M. C,,
Grohmann, U., and Puccetti, P.
(2002). Functional expression of
indoleamine 2,3-dioxygenase by
murine CD8 alpha(+) dendritic
cells. Int. Immunol. 14, 65-68.

Favre, D., Mold, J., Hunt, P. W., Kan-
war, B., Loke, P, Seu, L., Barbour,
J. D., Lowe, M. M., Jayawardene, A.,
Aweeka, E, Huang, Y., Douek, D. C.,
Brenchley, J. M., Martin, J. N., Hecht,
F. M,, Deeks, S. G., and Mccune, J.
M. (2010). Tryptophan catabolism
by indoleamine 2,3-dioxygenase 1
alters the balance of TH17 to reg-
ulatory T cells in HIV disease. Sci.
Transl. Med. 2, 32ra36.

Flatekval, G. F, and Sioud, M. (2009).
Modulation of dendritic cell mat-
uration and function with mono-
and bifunctional small interfer-
ing RNAs targeting indoleamine
2,3-dioxygenase. Immunology 128,
e837-e848.

Forouzandeh, F, Jalili R. B., Ger-
main, M., Duronio, V., and Ghahary,
A. (2008). Differential immuno-
suppressive effect of indoleamine
2,3-dioxygenase (IDO) on primary
human CD4+ and CD8+ T cells.
Mol. Cell. Biochem. 309, 1-7.

Friberg, M., Jennings, R., Alsarraj, M.,
Dessureault, S., Cantor, A., Exter-
mann, M., Mellor, A. L., Munn,
D. H., and Antonia, S. J. (2002).
Indoleamine 2,3-dioxygenase con-
tributes to tumor cell evasion of T
cell-mediated rejection. Int. J. Can-
cer 101, 151-155.

Frumento, G., Rotondo, R., Tonetti,
M., Damonte, G., Benatti, U., and
Ferrara, G. B. (2002). Tryptophan-
derived catabolites are responsible
for inhibition of T and natural
killer cell proliferation induced by
indoleamine 2,3-dioxygenase. J. Exp.
Med. 196, 459-468.

Fujigaki, H., Saito, K., Fujigaki, S.,
Takemura, M., Sudo, K., Ishiguro,
H., and Seishima, M. (2006).
The signal transducer and acti-
vator of transcription lalpha and
interferon regulatory factor 1 are
not essential for the induction of
indoleamine 2,3-dioxygenase by
lipopolysaccharide:
of p38 mitogen-activated protein
kinase and nuclear factor-kappaB
pathways, and synergistic effect of

involvement

several proinflammatory cytokines.
J. Biochem. 139, 655—-662.

Garber, K. (2012). Evading immunity:

new enzyme implicated in cancer. J.
Natl. Cancer Inst. 104, 349-352.

Gaspari, P., Banerjee, T., Malachowski,

W. P, Muller, A. J., Prender-
gast, G. C., Duhadaway, J., Ben-
nett, S., and Donovan, A. M.
(2006). Structure-activity study of
brassinin derivatives as indoleamine
2,3-dioxygenase inhibitors. J. Med.
Chem. 49, 684—692.

Ge, W,, Arp, J., Lian, D,, Liu, W., Baroja,

M. L, Jiang, J., Ramcharran, S,
Eldeen, E. Z., Zinser, E., Steinkasserer,
A., Chou, P, Brand, S., Nicolette,
C., Garcia, B., and Wang, H. (2010).
Immunosuppression involving solu-
ble CD83 induces tolerogenic den-
dritic cells that prevent cardiac allo-
graft rejection. Transplantation 90,
1145-1156.

Grohmann, U., Orabona, C., Fallarino,

F, Vacca, C., Calcinaro, E., Falorni,
A., Candeloro, P, Belladonna, M. L.,
Bianchi, R., Fioretti, M. C., and Puc-
cetti, P. (2002). CTLA-4-Ig regulates
tryptophan catabolism in vivo. Nat.
Immunol. 3,1097-1101.

Grohmann, U., Volpi, C., Fallarino, E.,

Bozza, S., Bianchi, R., Vacca, C.,
Orabona, C., Belladonna, M. L.,
Ayroldi, E., Nocentini, G., Boon, L.,
Bistoni, F., Fioretti, M. C., Romani,
L., Riccardi, C., and Puccetti, P.
(2007). Reverse signaling through
GITR ligand enables dexamethasone
to activate IDO in allergy. Nat. Med.
13, 579-586.

Guillonneau, C., Hill, M., Hubert, E.

X., Chiffoleau, E., Herve, C., Li,
X. L., Heslan, M., Usal, C., Tes-
son, L., Menoret, S., Saoudi, A., Le
Mauff, B., Josien, R., Cuturi, M.
C., and Anegon, 1. (2007). CD40Ig
treatment results in allograft accep-
tance mediated by CDSCD45RC T
cells, IFN-gamma, and indoleamine
2,3-dioxygenase. J. Clin. Invest. 117,
1096-1106.

Guillonneau, C., Mintern, J. D., Hubert,

E X., Hurt, A. C,, Besra, G. S., Por-
celli, S., Barr, I. G., Doherty, P. C,,
Godfrey, D. 1., and Turner, S. J.
(2009). Combined NKT cell acti-
vation and influenza virus vaccina-
tion boosts memory CTL generation
and protective immunity. Proc. Natl.
Acad. Sci. U.S.A. 106, 3330-3335.

Hackstein, H., and Thomson, A. W.

(2004). Dendritic cells: emerg-
ing pharmacological targets of
immunosuppressive drugs. Nat. Rev.
Immunol. 4, 24-34.

Hauben, E., Gregori, S., Draghici,

E., Migliavacca, B., Olivieri, S.,
Woisetschlager, M., and Roncarolo,

M. G. (2008). Activation of the
aryl hydrocarbon receptor promotes
allograft-specific tolerance through
direct and dendritic cell-mediated
effects on regulatory T cells. Blood
112,1214-1222.

Hayashi, T., Mo, J. H., Gong, X,

Rossetto, C., Jang, A., Beck, L.,
Elliott, G. L., Kufareva, 1., Abagyan,
R., Broide, D. H., Lee, J., and Raz,
E. (2007). 3-Hydroxyanthranilic
acid inhibits PDKI activation and
suppresses experimental asthma
by inducing T cell apoptosis.
Proc. Natl. Acad. Sci. US.A. 104,
18619-18624.

Hill, M., Tanguy-Royer, S., Royer, P,

Chauveau, C., Asghar, K., Tesson,
L., Lavainne, F, Remy, S., Brion,
R., Hubert, F X., Heslan, M.,
Rimbert, M., Berthelot, L., Mof-
fett, J. R., Josien, R., Gregoire,
M., and Anegon, I. (2007). IDO
expands human CD4++CD25high
regulatory T cells by promoting
maturation of LPS-treated den-
dritic cells. Eur. J. Immunol. 37,
3054-3062.

Hou, D. Y., Muller, A. J., Sharma, M. D.,

Duhadaway, J., Banerjee, T., Johnson,
M., Mellor, A. L., Prendergast, G. C,,
and Munn, D. H. (2007). Inhibition
of indoleamine 2,3-dioxygenase in
dendritic cells by stereoisomers of 1-
methyl-tryptophan correlates with
antitumor responses. Cancer Res. 67,
792-801.

Huang, T. T, Yen, M. C, Lin, C.

C., Weng, T. Y., Chen, Y. L., Lin,
C. M, and Lai, M. D. (2011).
Skin delivery of short hairpin
RNA of indoleamine 2,3 dioxy-
genase induces antitumor immu-
nity against orthotopic and metasta-
tic liver cancer. Cancer Sci. 102,
2214-2220.

Ino, K., Yoshida, N., Kajiyama, H., Shi-

bata, K., Yamamoto, E., Kidokoro,
K., Takahashi, N., Terauchi, M.,
Nawa, A., Nomura, S., Nagasaka,
T., Takikawa, O., and Kikkawa,
F.  (2006). Indoleamine 2,3-
dioxygenase is a novel prognostic
indicator for endometrial cancer.
Br. J. Cancer 95, 1555-1561.

Johnson, B. A. III, Kahler, D. J., Baban,

B., Chandler, P. R., Kang, B., Shi-
moda, M., Koni, P. A., Pihkala, J.,
Vilagos, B., Busslinger, M., Munn,
D. H,, and Mellor, A. L. (2010).
B-lymphoid cells with attributes
of dendritic cells regulate T cells
via indoleamine 2,3-dioxygenase.
Proc. Natl. Acad. Sci. U.S.A. 107,
10644-10648.

Jung, I. D., Lee, C. M, Jeong, Y. L, Lee,

J. S., Park, W. S., Han, J., and Park,
Y. M. (2007). Differential regulation

of indoleamine 2,3-dioxygenase by
lipopolysaccharide and interferon
gamma in murine bone marrow
derived dendritic cells. FEBS Lett.
581, 1449-1456.

Jux, B., Kadow, S., Luecke, S., Ran-

nug, A., Krutmann, J., and Esser,
C. (2011). The aryl hydrocarbon
receptor mediates UVB radiation-
induced skin tanning. J. Invest. Der-
matol. 131, 203-210.

Keller, T. L., Zocco, D., Sundrud, M. S.,

Hendrick, M., Edenius, M., Yum, J.,
Kim, Y. J., Lee, H. K., Cortese, J. E,,
Wirth, D. E, Dignam, J. D,, Rao, A.,
Yeo, C. Y., Mazitschek, R., and Whit-
man, M. (2012). Halofuginone and
other febrifugine derivatives inhibit
prolyl-tRNA synthetase. Nat. Chem.
Biol. 8,311-317.

Knubel, C. P, Martinez, F. E, Fretes, R.

E., Diaz Lujan, C., Theumer, M. G.,
Cervi, L., and Motran, C. C. (2010).
Indoleamine 2,3-dioxigenase (IDO)
is critical for host resistance against
Trypanosoma cruzi. FASEB ]. 24,
2689-2701.

Koblish, H. K. Hansbury, M. ],

Bowman, K. J., Yang, G., Neilan,
C. L., Haley, P. J., Burn, T. C,
Waeltz, P, Sparks, R. B., Yue,
E. W, Combs, A. P, Scherle, P.
A., Vaddi, K., and Fridman, J. S.
(2010). Hydroxyamidine inhibitors
of  indoleamine-2,3-dioxygenase
potently suppress systemic trypto-
phan catabolism and the growth
of IDO-expressing tumors. Mol.
Cancer Ther. 9, 489-498.

Kraal, G., Samsom, J. N., and Mebius,

R. E. (2006). The importance of
regional lymph nodes for mucosal
tolerance. Immunol. Rev. 213,
119-130.

Kumar, S., Jaller, D., Patel, B., Lalonde, J.

M., Duhadaway, J. B., Malachowski,
W. P, Prendergast, G. C., and
Muller, A. J. (2008). Structure based
development of phenylimidazole-
derived inhibitors of indoleamine
2,3-dioxygenase. J. Med. Chem. 51,
4968-4977.

Lan, Z., Ge, W,, Arp, J., Jiang, J.,

Liu, W.,, Gordon, D., Healey, D,
Debenedette, M., Nicolette, C., Gar-
cia, B., and Wang, H. (2010).
Induction of kidney allograft tol-
erance by soluble CD83 associ-
ated with prevalence of tolerogenic
dendritic cells and indoleamine
2,3-dioxygenase. Transplantation 90,
1286-1293.

Lee, S. M., Lee, Y. S., Choi, J. H., Park,

S. G., Choi, I. W,, Joo, Y. D., Lee,
W. S., Lee, J. N., Choi, I., and Seo,
S. K. (2010). Tryptophan metabo-
lite 3-hydroxyanthranilic acid selec-
tively induces activated T cell death

www.frontiersin.org

May 2012 | Volume 3 | Article 109 | 106


http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive

Lietal.

IDO in immune privilege

via intracellular GSH depletion.

Immunol. Lett. 132, 53—60.

J., Meinhardt, A., Roehrich, M.

E., Golshayan, D., Dudler, J., Pag-

notta, M., Trucco, M., and Vas-

salli, G. (2007). Indoleamine 2,3-

dioxygenase gene transfer prolongs

cardiac allograft survival. Am. J.

Physiol. Heart Circ. Physiol. 293,

H3415-3423.

Li, Q, Li, L, Liu, Y., Fu, X., Wang, H.,
Lao, S., Yang, B., and Wu, C. (2011).
Biological functions of Mycobac-
terium tuberculosis-specific CD4+ T
cells were impaired by tuberculo-
sis pleural fluid. Immunol. Lett. 138,
113-121.

Liu, H., Liu, L., Fletcher, B. S., and Vis-
ner, G. A. (2006a). Novel action of
indoleamine 2,3-dioxygenase atten-
uating acute lung allograft injury.
Am. J. Respir. Crit. Care Med. 173,
566-572.

Liu, H., Liu, L., Fletcher, B. S., and
Visner, G. A. (2006b). Sleeping
Beauty-based gene therapy with
indoleamine 2,3-dioxygenase
inhibits lung allograft fibrosis.
FASEB J. 20, 2384-2386.

Liu, H,, Liu, L., Liu, K., Bizargity,
P, Hancock, W. W,, and Visner,
G. A. (2009). Reduced cytotoxic
function of effector CD8+ T cells
is responsible for indoleamine 2,3-
dioxygenase-dependent  immune
suppression.  J. 183,
1022-1031.

Liu, H., Liu, L, and Visner, G. A.
(2007). Nonviral gene delivery with
indoleamine 2,3-dioxygenase tar-
geting pulmonary endothelium
protects against ischemia-
reperfusion injury. Am. J. Transplant.
7,2291-2300.

Liu, X., Shin, N., Koblish, H. K., Yang, G.,
Wang, Q., Wang, K., Leffet, L., Hans-
bury, M. J., Thomas, B., Rupar, M.,
Waeltz, P., Bowman, K. J., Polam, P,,
Sparks, R. B., Yue, E.W,, Li, Y., Wynn,
R.,Fridman,].S.,Burn, T. C.,Combs,
A. P, Newton, R. C,, and Scherle,
P. A. (2010). Selective inhibition of
IDOL1 effectively regulates mediators
of antitumor immunity. Blood 115,
3520-3530.

Lob, S, Zieker,
D., Brucher, B. L., Rammensee,
H. G, Opelz, G., and Terness,
P. (2009). IDO1 and IDO2 are
expressed in human tumors: levo-
but not dextro-1-methyl trypto-
phan inhibits tryptophan catabo-
lism. Cancer Immunol. Immunother.
58, 153-157.

Makala, L. H., Baban, B., Lemos, H.,
El-Awady, A. R., Chandler, P. R,
Hou, D. Y., Munn, D. H, and
Mellor, A. L. (2011). Leishmania

Li

Immunol.

Konigsrainer, A.,

major attenuates host immunity
by stimulating local indoleamine
2,3-dioxygenase expression. J. Infect.
Dis. 203, 715-725.

Manches, O., Munn, D., Fallahi, A,
Lifson, J., Chaperot, L., Plumas,
J., and Bhardwaj, N. (2008). HIV-
activated human  plasmacytoid
DCs induce Tregs through an
indoleamine 2,3-dioxygenase-
dependent mechanism. J. Clin.
Invest. 118, 3431-3439.

Mantovani, A., Germano, G., Marchesi,
E, Locatelli, M., and Biswas, S. K.
(2011). Cancer-promoting tumor-
associated macrophages: new vistas
and open questions. Eur. J. Immunol.
41, 2522-2525.

Masarone, M., and Persico, M. (2011).
Antiviral therapy: why does it fail
in HCV-related chronic hepatitis?
Expert Rev. Anti Infect. Ther. 9,
535-543.

Mellor, A. L., Baban, B., Chandler, P,
Marshall, B., Jhaver, K., Hansen,
A., Koni, P. A, Iwashima, M.,
and Munn, D. H. (2003). Cut-
ting edge: induced indoleamine
2,3 dioxygenase expression in den-
dritic cell subsets suppresses T cell
clonal expansion. J. Immunol. 171,
1652—-1655.

Mellor, A. L., Baban, B., Chandler,
P. R, Manlapat, A, Kahler, D. ],
and Munn, D. H. (2005). Cutting
edge: CpG oligonucleotides induce
splenic CD19+ dendritic cells to
acquire potent indoleamine 2,3-
dioxygenase-dependent T cell reg-
ulatory functions via IFN Type
1 signaling. J. 175,
5601-5605.

Mellor, A. L., Chandler, P, Baban, B.,
Hansen, A. M., Marshall, B., Pihkala,
J, Waldmann, H., Cobbold, S.,
Adams, E., and Munn, D. H. (2004).
Specific subsets of murine dendritic
cells acquire potent T cell regu-
latory functions following CTLA4-
mediated induction of indoleamine
2,3 dioxygenase. Int. Immunol. 16,
1391-1401.

Mellor, A. L, and Munn, D. H.
(2008). Creating immune privilege:
active local suppression that benefits
friends, but protects foes. Nat. Rev.
Immunol. 8, 74-80.

Mellor, A. L., Sivakumar, J., Chan-
dler, P, Smith, K., Molina, H.,
Mao, D., and Munn, D. H. (2001).
Prevention of T cell-driven com-
plement activation and inflamma-
tion by tryptophan catabolism dur-
ing pregnancy. Nat. Immunol. 2,
64—-68.

Mezrich, J. D., Fechner, J. H., Zhang,
X., Johnson, B. P., Burlingham, W.
J., and Bradfield, C. A. (2010).

Immunol.

An interaction between kynurenine
and the aryl hydrocarbon receptor
can generate regulatory T cells. J.
Immunol. 185, 3190-3198.

Muller, A. J., Duhadaway, J. B., Donover,
P. S., Sutanto-Ward, E., and Pren-
dergast, G. C. (2005a). Inhibition
of indoleamine 2,3-dioxygenase, an
immunoregulatory target of the can-
cer suppression gene Binl, potenti-
ates cancer chemotherapy. Nat. Med.
11, 312-319.

Muller, A. J., Malachowski, W. P,
and Prendergast, G. C. (2005b).

Indoleamine  2,3-dioxygenase in
cancer:  targeting  pathological
immune tolerance with small-

molecule inhibitors. Expert Opin.
Ther. Targets 9, 831-849.

Muller, A. J., and Scherle, P. A.
(2006). Targeting the mechanisms
of tumoral immune tolerance with
small-molecule inhibitors. Nat. Rev.
Cancer 6,613-625.

Munn, D. H., and Mellor, A. L.
(2006). The tumor-draining
lymph node as an immune-

privileged site. Immunol. Rev. 213,
146-158.

Munn, D. H., Sharma, M. D., Baban,
B., Harding, H. P,, Zhang, Y., Ron,
D., and Mellor, A. L. (2005). GCN2
kinase in T cells mediates prolifer-
ative arrest and anergy induction
in response to indoleamine
2,3-dioxygenase.  Immunity 22,
633—642.

Munn, D. H., Sharma, M. D., Hou,
D., Baban, B., Lee, J. R., Anto-
nia, S. J., Messina, J. L., Chandler,
P, Koni, P. A.,, and Mellor, A. L.
(2004). Expression of indoleamine
2,3-dioxygenase by plasmacytoid
dendritic cells in tumor-draining
lymph nodes. J. Clin. Invest. 114,
280-290.

Munn, D. H., Sharma, M. D., Lee,
J. R, Jhaver, K. G., Johnson,
T. S., Keskin, D. B., Marshall,
B., Chandler, P, Antonia, S. J.,
Burgess, R., Slingluff, C. L. Jr,
and Mellor, A. L. (2002). Potential
regulatory function of human den-
dritic cells expressing indoleamine
2,3-dioxygenase. Science 297,
1867-1870.

Munn, D. H., Zhou, M., Attwood,
J. T., Bondarev, I, Conway, S. J.,
Marshall, B., Brown, C., and Mel-
lor, A. L. (1998). Prevention of
allogeneic fetal rejection by tryp-
tophan catabolism. Science 281,
1191-1193.

Murphy, S. P, Porrett, P. M., and
Turka, L. A. (2011). Innate immu-
nity in transplant tolerance and
rejection.  Immunol. Rev. 241,

39-48.

Nguyen, N. T., Kimura, A., Naka-
hama, T., Chinen, I., Masuda, K.,
Nohara, K., Fujii-Kuriyama, Y., and
Kishimoto, T. (2010). Aryl hydro-
carbon receptor negatively regulates
dendritic cell immunogenicity via a
kynurenine-dependent mechanism.
Proc. Natl. Acad. Sci. US.A. 107,
19961-19966.

Njau, E, Geffers, R., Thalmann, J.,
Haller, H., and Wagner, A. D. (2009).
Restriction of Chlamydia pneumo-
niae replication in human dendritic
cell by activation of indoleamine
2,3-dioxygenase. Microbes Infect. 11,
1002-1010.

Opitz, C. A,, Litzenburger, U. M., Sahm,
E, Ott, M., Tritschler, L., Trump, S.,
Schumacher, T., Jestaedt, L., Schrenk,
D., Weller, M., Jugold, M., Guillemin,
G.]J.,Miller, C. L., Lutz, C., Radlwim-
mer, B., Lehmann, I., Von Deimling,
A., Wick, W., and Platten, M. (2011).
An endogenous tumour-promoting
ligand of the human aryl hydrocar-
bon receptor. Nature 478, 197-203.

Ostrand-Rosenberg, S., Sinha, P,, Beury,
D. W, and Clements, V. K.
(2012). Cross-talk between myeloid-
derived suppressor cells (MDSC),
macrophages, and dendritic cells
enhances tumor-induced immune
suppression. Semin. Cancer Biol.
PMID: 22313874. [Epub ahead of
print].

Pan, K., Wang, H., Chen, M. S., Zhang,
H. K., Weng, D. S., Zhou, J., Huang,
W, Li, J. J, Song, H. E, and
Xia, J. C. (2008). Expression and
prognosis role of indoleamine 2,3-
dioxygenase in hepatocellular carci-
noma. J. Cancer Res. Clin. Oncol. 134,
1247-1253.

Peterson, A. C., Migawa, M. T., Mar-
tin, M. J., Hamaker, L. K., Czer-
winski, K. M., Zhang, W., Arend,
R. A, Fisette, P. L., Ozaki, Y., Will,
J. A., Brown, R. R,, and Cook, J.
M. (1994). Evaluation of function-
alized tryptophan derivatives and
related compounds as competi-
tive inhibitors of indolamine 2,3-
dioxygenase. Med. Chem. Res. 3,
531-544.

Pilotte, L., Larrieu, P., Stroobant, V.,
Colau, D., Dolusic, E., Frederick,
R., De Plaen, E., Uyttenhove, C,
Wouters, J., Masereel, B., and Van
Den Eynde, B. J. (2012). Rever-
sal of tumoral immune resistance
by inhibition of tryptophan 2,3-
dioxygenase. Proc. Natl. Acad. Sci.
U.S.A. 109, 2497-2502.

Prinz, M., Schmidt, H., Mildner, A.,
Knobeloch, K. P, Hanisch, U. K,
Raasch, J., Merkler, D., Detje, C,,
Gutcher, I, Mages, J., Lang, R,
Martin, R., Gold, R., Becher, B.,

Frontiers in Immunology | Immunological Tolerance

May 2012 | Volume 3 | Article 109 | 107


http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive

Lietal.

IDO in immune privilege

Bruck, W., and Kalinke, U. (2008).
Distinct and nonredundant in vivo
functions of IFNAR on myeloid cells
limit autoimmunity in the central
nervous system. Immunity 28,
675-686.

Quintana, F J., Basso, A. S., Iglesias,

A. H., Korn, T., Farez, M. F.,, Bet-
telli, E., Caccamo, M., Oukka, M.,
and Weiner, H. L. (2008). Control
of T(reg) and T(H)17 cell differ-
entiation by the aryl hydrocarbon
receptor. Nature 453, 65-71.

Reddy, P, Sun, Y., Toubai, T., Duran-

Struuck, R., Clouthier, S. G,
Weisiger, E., Maeda, Y., Tawara,
I, Krijanovski, O., Gatza, E,
Liu, C., Malter, C., Mascagni, P,
Dinarello, C. A., and Ferrara, J.
L. (2008). Histone deacetylase
inhibition modulates indoleamine
2,3-dioxygenase-dependent DC
functions and regulates experimen-
tal graft-versus-host disease in mice.
J. Clin. Invest. 118, 2562-2573.

Reis e Sousa, C. (2006). Dendritic cells

in a mature age. Nat. Rev. Immunol.
6,476-483.

Riesenberg, R., Weiler, C., Spring, O,

Eder, M., Buchner, A., Popp, T., Cas-
tro, M., Kammerer, R., Takikawa,
0., Hatz, R. A., Stief, C. G., Hof-
stetter, A., and Zimmermann, W.
(2007). Expression of indoleamine
2,3-dioxygenase in tumor endothe-
lial cells correlates with long-term
survival of patients with renal cell
carcinoma. Clin. Cancer Res. 13,
6993-7002.

Rodrigo-Garzon, M., Berraondo, P,

Ochoa, L., Zulueta, J. J., and Gonza-
lez-Aseguinolaza, G. (2010). Antitu-
moral efficacy of DNA nanoparticles
in murine models of lung cancer and
pulmonary metastasis. Cancer Gene
Ther. 17,20-27.

Rodriguez, P. C., Quiceno, D. G., and

Ochoa, A. C. (2007). L-arginine
availability regulates T-lymphocyte
cell-cycle progression. Blood 109,
1568-1573.

Romani, L., Fallarino, E, De Luca,

A., Montagnoli, C., D’Angelo, C.,
Zelante, T., Vacca, C., Bistoni, E,
Fioretti, M. C., Grohmann, U, Segal,
B. H., and Puccetti, P. (2008). Defec-
tive tryptophan catabolism under-
lies inflammation in mouse chronic
granulomatous disease. Nature 451,
211-215.

Sakurai, K., Enomoto, K., Amano, S.,

Kimura, T., Sugito, K., Kimizuka, K.,
Ikeda, T., Shibata, M., and Negishi,
N. (2004). Study of indoleamine 2,3-
dioxygenase expression in patients
of esophageal squamous cell carci-
noma. Gan To Kagaku Ryoho 31,
1780-1782.

Seo, S. K., Choi, J. H, Kim, Y. H,,
Kang, W. J, Park, H. Y, Suh,
J. H.,, Choi, B. K., Vinay, D.
S., and Kwon, B. S. (2004). 4-
1BB-mediated immunotherapy of
rheumatoid arthritis. Nat. Med. 10,
1088-1094.

Sharma, M. D., Baban, B., Chan-
dler, P, Hou, D. Y., Singh, N,
Yagita, H., Azuma, M., Blazar, B.
R, Mellor, A. L, and Munn,
D. H. (2007). Plasmacytoid den-
dritic cells from mouse tumor-
draining lymph nodes directly acti-
vate mature Tregs via indoleamine
2,3-dioxygenase. J. Clin. Invest. 117,
2570-2582.

Sharma, M. D., Hou, D. Y., Baban,
B., Koni, P. A., He, Y., Chandler, P.
R,, Blazar, B. R., Mellor, A. L., and
Munn, D. H. (2010). Reprogrammed
foxp3(+) regulatory T cells pro-
vide essential help to support cross-
presentation and CD8(+) T cell
priming in naive mice. Immunity 33,
942-954.

Sharma, M. D., Hou, D. Y., Liu, Y., Koni,
P. A,, Metz, R., Chandler, P., Mellor,
A.L.,He,Y.,and Munn, D. H. (2009).
Indoleamine 2,3-dioxygenase con-
trols conversion of Foxp3+ Tregs
to THI17-like cells in tumor-
draining lymph nodes. Blood 113,
6102-6111.

Song, H., Park, H., Kim, Y. S., Kim, K.
D., Lee, H. K., Cho, D. H,, Yang, . W.,,
and Hur, D.Y. (2011). L-kynurenine-
induced apoptosis in human NK
cells is mediated by reactive oxygen
species. Int. Immunopharmacol. 11,
932-938.

Song, J., Clagett-Dame, M., Peterson,
R. E., Hahn, M. E., Westler, W. M.,
Sicinski, R. R., and Deluca, H. E
(2002). A ligand for the aryl hydro-
carbon receptor isolated from lung.
Proc. Natl. Acad. Sci. US.A. 99,
14694-14699.

Sucher, R., Fischler, K., Oberhuber,
R., Kronberger, 1., Margreiter, C.,
Ollinger, R., Schneeberger, S., Fuchs,
D., Werner, E. R., Watschinger,
K., Zelger, B., Tellides, G., Pilat,
N., Pratschke, J., Margreiter, R,
Wekerle, T., and Brandacher, G.
(2012). IDO and regulatory T cell
support are critical for cytotoxic
T lymphocyte-associated Ag-4 Ig-
mediated long-term solid organ
allograft survival. J. Immunol. 188,
37-46.

Sundrud, M. S., Koralov, S. B., Feuerer,
M., Calado, D. P, Kozhaya, A. E,,
Rhule-Smith, A., Lefebvre, R. E,
Unutmaz, D., Mazitschek, R., Wald-
ner, H., Whitman, M., Keller, T,
and Rao, A. (2009). Halofuginone
inhibits TH17 cell differentiation

by activating the amino acid
starvation response. Science 324,
1334-1338.

Swanson, K. A., Zheng, Y., Hei-

dler, K. M., Mizobuchi, T., and
Wilkes, D. S. (2004). CDllc+ cells

modulate  pulmonary immune
responses by  production  of
indoleamine 2,3-dioxygenase.

Am. ]. Respir. Cell Mol. Biol. 30,
311-318.

Takao, M., Okamoto, A., Nikaido, T.,

Urashima, M., Takakura, S., Saito,
M., Okamoto, S., Takikawa, O.,
Sasaki, H., Yasuda, M., Ochiai, K.,
and Tanaka, T. (2007). Increased
synthesis of  indoleamine-2,3-
dioxygenase protein is positively
associated with impaired survival in
patients with serous-type, but not
with other types of, ovarian cancer.
Oncol. Rep. 17,1333-1339.

Taylor, M. W.,, and Feng, G. S.

(1991).  Relationship  between
interferon-gamma,
2,3-dioxygenase, and tryptophan

catabolism. FASEB J. 5,2516-2522.

indoleamine

Terness, P., Bauer, T. M., Rose, L.,

Dufter, C., Watzlik, A., Simon, H.,
and Opelz, G. (2002). Inhibition
of allogeneic T cell proliferation
by indoleamine 2,3-dioxygenase-
expressing dendritic cells: medi-
ation of suppression by trypto-
phan metabolites. J. Exp. Med. 196,
447-457.

Uyttenhove, C., Pilotte, L., Theate, L.,

Stroobant, V., Colau, D., Parmentier,
N., Boon, T., and Van Den Eynde,
B. J. (2003). Evidence for a tumoral
immune
based on tryptophan degradation
by indoleamine 2,3-dioxygenase.
Nat. Med. 9, 1269-1274.

resistance  mechanism

Vaccari, M., Boasso, A., Fenizia, C.,

Fuchs, D., Hryniewicz, A., Morgan,
T., Weiss, D., Doster, M. N., Heraud,
J. M., Shearer, G. M., and Franchini,
G. (2012). Fatal pancreatitis in
simian immunodeficiency virus
SIV(mac251)-infected ~ macaques
treated with 2)3’-dideoxyinosine
and stavudine following
cytotoxic-T-lymphocyte-associated
antigen 4 and indoleamine 2,3-
dioxygenase blockade. J. Virol. 86,
108-113.

Vincendeau, P., Lesthelle, S., Bertazzo,

A., Okomo-Assoumou, M. C.,
Allegri, G., and Costa, C. V. (1999).
Importance  of  L-tryptophan
metabolism  in  trypanosomia-
sis. Adv. Exp. Med. Biol. 467,
525-531.

Vogel, C. E, Goth, S. R., Dong, B., Pes-

sah, I. N.,and Matsumura, F. (2008).
Aryl hydrocarbon receptor signaling
mediates expression of indoleamine

Biochem.
Commun. 375,

2,3-dioxygenase.
Biophys.  Res.
331-335.

Von Bergwelt-Baildon, M. S., Popov, A,

Saric, T., Chemnitz, J., Classen, S.,
Stoffel, M. S., Fiore, F, Roth, U.,
Beyer, M., Debey, S., Wickenhauser,
C., Hanisch, E. G., and Schultze, J.
L. (2006). CD25 and indoleamine
2,3-dioxygenase are up-regulated by
prostaglandin E2 and expressed
by tumor-associated dendritic cells
in vivo: additional mechanisms
of T-cell inhibition. Blood 108,
228-237.

Von Bubnoff, D., Matz, H., Frah-

nert, C.,, Rao, M. L. Hanau,
D., De La Salle, H., and Bieber,
T. (2002). FcepsilonRI induces
the tryptophan degradation path-
way involved in regulating T
cell responses. J. Immunol. 169,
1810-1816.

Walisser, J. A., Glover, E., Pande,

K., Liss, A. L, and Bradfield,
C. A. (2005). Aryl hydrocarbon
receptor-dependent  liver  devel-
opment and hepatotoxicity are
mediated by different cell types.
Proc. Natl. Acad. Sci. US.A. 102,
17858-17863.

Wang, B., Koga, K., Osuga, Y., Carde-

nas, I, Izumi, G., Takamura, M.,
Hirata, T., Yoshino, O., Hirota, Y.,
Harada, M., Mor, G., and Take-
tani, Y. (2011). Toll-like receptor-3
ligation-induced indoleamine 2, 3-
dioxygenase expression in human
trophoblasts. ~ Endocrinology 152,
4984-4992.

Yen, M. C., Lin, C. C.,, Chen, Y. L.,

Huang, S. S., Yang, H. J., Chang, C.
P, Lei,H.Y.,and Lai, M. D. (2009). A
novel cancer therapy by skin deliv-
ery of indoleamine 2,3-dioxygenase
siRNA. Clin. Cancer Res. 15,
641-649.

Yu, G., Dai, H,, Chen, J., Duan, L.,

Gong, M., Liu, L., Xiong, P., Wang,
C.Y.,, Fang, M., and Gong, F. (2008).
Gene delivery of indoleamine 2,3-
dioxygenase prolongs cardiac allo-
graft survival by shaping the types
of T-cell responses. J. Gene Med. 10,
754-761.

Yue, E. W.,, Douty, B., Wayland, B.,

Bower, M., Liu, X., Leffet, L., Wang,
Q., Bowman, K. J., Hansbury, M. ],
Liu, C., Wei, M., Li, Y., Wynn, R,
Burn, T. C., Koblish, H. K., Frid-
man, J. S., Metcalf, B., Scherle, P. A,,
and Combs, A. P. (2009). Discovery
of potent competitive inhibitors of
indoleamine 2,3-dioxygenase with
in vivo pharmacodynamic activ-
ity and efficacy in a mouse
melanoma model. J. Med. Chem. 52,
7364-7367.

www.frontiersin.org

May 2012 | Volume 3 | Article 109 | 108


http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive

Lietal.

IDO in immune privilege

Zheng, X., Koropatnick, J., Li, M.,
Zhang, X., Ling, E, Ren, X., Hao, X.,
Sun, H., Vladau, C., Franek, J. A.,
Feng, B., Urquhart, B. L., Zhong, R.,
Freeman, D. J., Garcia, B., and Min,
W. P. (2006). Reinstalling antitu-
mor immunity by inhibiting tumor-
derived immunosuppressive mole-
cule IDO through RNA interference.
J. Immunol. 177, 5639-5646.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 15 March 2012; accepted: 17
April 2012; published online: 11 May
2012.

Citation: Li L, Huang L, Lemos HP,
Mautino M and Mellor AL (2012)
Altered tryptophan metabolism as a par-
adigm for good and bad aspects of
immune privilege in chronic inflamma-
tory diseases. Front. Immun. 3:109. doi:
10.3389/fimmu.2012.00109

This article was submitted to Frontiers in
Immunological Tolerance, a specialty of
Frontiers in Immunology.

Copyright © 2012 Li, Huang, Lemos,
Mautino and Mellor.
open-access article distributed under
the terms of the Creative Commons
Attribution Non Commercial License,

This is an

which permits non-commercial
use,  distribution, and  reproduc-
tion in other forums, provided

the original authors and source are
credited.

Frontiers in Immunology | Immunological Tolerance

May 2012 | Volume 3 | Article 109 | 109


http://dx.doi.org/10.3389/fimmu.2012.00109
http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive
http://creativecommons.org/licenses/by-nc/3.0/

	Cover
	Frontiers Copyright Statement
	Good News - Bad News: The Two Faces of Immune Privilege
	Table of Contents
	Immune privilege and the philosophy of immunology
	References

	Good news–bad news: the Yin and Yang of immune privilege in the eye
	Introduction
	Immunological properties of the eye
	Cells and tissues
	Blood–ocular barriers
	Blood–aqueous barrier
	Blood–retinal barrier

	Ocular connections to secondary lymphoid tissues
	Neural connections

	The hazardous nature of ocular immune privilege
	What is immune privilege?
	Does IP have memory?
	Subverting privilege-promoting cells

	Breaches of privilege
	Non-infectious intraocular inflammation (uveitis)
	Transplantation
	Corneal grafts
	Retinal transplants

	Ocular infections: lessons learnt from AIDS

	Privilege in the balance – para-inflammation
	Degenerative retinal disease and the ocular immune response
	Glaucoma and retinal nerve damage
	Diabetic retinopathy

	When privilege is dangerous
	Intraocular melanoma
	Primary intraocular lymphoma
	Cancer-associated retinopathy and the para-neoplastic syndrome

	Conclusion
	Acknowledgments
	References

	Ocular immune privilege and ocular melanoma: parallel universes or immunological plagiarism?
	Introduction
	Immune privilege and the Innate Immune Response
	Immune privilege and the Adaptive Immune Response
	Anti-Inflammatory and Immunosuppressive Factors
	Cell Membrane-Bound Molecules

	Dynamic Immunoregulatory Processes that Sustain Immune Privilege
	Ocular Immune Privilege and Ocular Melanoma: Parallel Universes or Immunological Plagiarism?
	Uveal Melanomas and Immune Privilege to Innate Immune Responses
	Uveal Melanomas and Immune Privilege to Adaptive Immune Responses
	IDO and the starvation of T cells
	Counter attack by PD-L1
	Buffering effects CRPs

	Conclusion and Perspectives
	References

	Regulation of CD8+ T cell responses to retinal antigen by local FoxP3+ regulatory T cells
	Introduction
	Materials and Methods
	Mice
	Injections into the anterior chamber of the eye, or subcutaneous (s.c.)
	Cell culture and purification
	Flow cytometry
	Cytokine assays
	Induction and transfer of Tregs
	Cell Transfers and induction and analysis of autoimmune disease
	Analysis of the delayed-type hypersensitivity response
	Generation and analysis of radiation-bone marrow chimeras

	Results
	Analysis of βgal-specific TCR Tg mice
	Activated BG1 T cells can be pathogenic in tissues expressing βgal
	Expression of βgal in the retina inhibits the BG1 DTH response
	Antigen-specific Foxp3+ Tregs modulate CD8+ T cell responses in vivo
	Tregs specific for retinal Ag act locally
	Pathogenesis of EAU by autoreactive CD8 T cells does not require recruitment of MHC class I+ cells to the retina

	Discussion
	Acknowledgments
	References

	Influence of CD8+ T regulatory cells on intraocular tumor development
	Introduction
	Mechanisms of Ocular Immune Privilege
	Influence of Ocular Anatomy on Immune Privilege
	Biochemical Barriers to Ocular Immune Responses
	Anterior Chamber Associated Immune Deviation (ACAID)
	CD8+ Treg

	Immune Responses to Intraocular Tumors
	Influence of Treg Cells on Intraocular Tumor Growth
	Mechanisms of Suppression by CD8+ Treg in ACAID
	Indirect Tumoricidal Activity of CD8+ T cells

	Uveal  Melanoma
	Conclusions
	Acknowledgments
	References

	The privileged immunity of immune privileged organs: the case of the eye
	Introduction
	The eye as an immune privileged organ
	Regulated immune responses are beneficial in mitigating eye pathologies
	A different view of immune privilege
	Acknowledgments
	References

	Manifestations of immune tolerance in the human female reproductive tract
	Introduction
	Immune Privilege During Pregnancy
	The Human Zona Pellucida (ZP)
	GLYCODELIN-A (Gda) and CA125
	Differential Expression of Human Major Histocompatibility (MHC) Antigens
	Other Immunological Activities of HLA-G
	Regulatory T cells (Tregs)
	Galectins
	Indoleamine 2,3-dioxygenase (IDO)
	Uromodulin

	Immune Privilege for Semen and Sperm in the Female Reproductive Tract
	Prostaglandins
	Cytokine Expression
	Unusual Glycosylation of Human Sperm and Seminal Plasma Glycoproteins
	Other Factors in Seminal Plasma

	Conclusions
	References

	Structural, cellular and molecular aspects of immune privilege in the testis
	Introduction
	Structural basis of testicular immune privilege
	Structure of the testis
	Blood–testis barrier
	Testicular immune privilege in different species

	Cellular mechanisms of testicular immune privilege
	Immune cells in the testis
	Macrophages
	Dendritic cells
	Lymphocytes
	Mast cells

	Tissue-specific cells of the testis
	Leydig cells
	Myoid peritubular cells
	Sertoli cells
	Germ cells


	Molecular aspects of testicular immune privilege
	Effect of hormones on the testicular immune responses
	Fas/FasL system
	Local immunosuppressive milieu
	TLR-initiated testicular innate immune responses
	Paracrine and endocrine cytokine regulation of testicular inflammation

	Concluding remarks
	Acknowledgments
	References

	A new paradigm for an old story: the role of regulatory B cells in cancer
	Acknowledgments
	References

	Altered tryptophan metabolism as a paradigm for good and bad aspects of immune privilege in chronic inflammatory diseases
	Introduction
	A conceptual model of induced immune privilege
	Checkpoint A
	Innate immune responses to inflammatory insults

	Checkpoint B
	Antigen presentation and lymphocyte activation in local draining lymph nodes

	Checkpoint C
	Prevailing regulatory conditions in draining LNs

	Checkpoint D
	Induced immune regulation in inflamed target tissues


	IDO biochemistry and metabolic effects on immune cells
	IDO-competent DCs
	Manipulating IDO to create or destroy immune privilege
	Using IDO pathway inhibitors to attenuate established immune privilege
	Cancer
	Chronic infections
	Vaccines

	Using IDO inducers and tryptophan metabolites to create immune privilege
	IDO gene transfer
	IDO inducing reagents
	Tryptophan metabolites


	Summary and Prospects
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




