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Abstract

Our interests revolve around the study of biological mechanisms
regulating self-tolerancetoimmunologically privileged retinal pro-
teins that serve as targets in sight-threatening autoimmune uveitic
disease. These studies are aimed at understanding how self-
tolerance to these antigens develops during ontogeny and is main-
tained during adulthood, the processes involved in its pathological
breakdown, the regulatory mechanisms that bring about remission
and recovery, and, finally, how we can utilize knowledge of these
processes for therapeutic restoration of tolerance. To answer these
guestions, weusetheexperimental autoimmuneuveitis(EAU) model
inratsand mice. Becauseof thecommonality of underlyingimmuno-
logical mechanisms, lessons and concepts learned in experimental
ocular models are applicable to other disease entities, and, con-
versely, data gleaned from other autoimmune diseases are applica-
ble to the study of uveitis.
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Introduction

Uveitisisageneric term that encompasses
avariety of intraocular inflammations. Non-
infectiousuveitis, affectingan otherwiseintact

eye, is believed to have an autoimmune or
immune-mediated origin. The most danger-
ousto visionisuveitisthat affectsthe back of
the eye where the photoreceptor cells are
located (1). Itisestimatedthat posterior uveitic
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diseasescollectively areresponsiblefor about
10% of theseverevisual handicapintheUnited
States.

EAU is a cell-mediated autoimmune dis-
ease model that serves as an experimental
equivalent to posterior uveitic diseasesin the
human. EAU can be induced in susceptible
animal species by immunization with retinal
antigens or their fragments, and also in mice
andratsby infusionof retinal antigen-specific
T cell lines and clones. A number of proteins
derived from the photoreceptor cell layer,
among them the interphotoreceptor retinoid-
binding protein (IRBP), the retinal soluble
antigen (S-Ag), recoverin, rhodopsin, and its
illuminated form, opsin, were found to be
pathogenic and to cause essentially identical
pathology (2,3). Susceptible animal species
include rodents aswell as primates. Although
the antigens driving human uveitis are still
unknown, uveitis patients frequently display
strong cellular responses to retinal antigens
that areuveitogenicinanimals, anditisthere-
forebelievedthat thefindingsinanima models
can be extrapolated to the human (1-3). Of the
uveitogenic retina antigens the most widely
studied are IRBP that transports vitamin A
derivativeswithintheeye, andthe S-Ag, other-
wise known as arrestin, which quenches pho-
toactivated rhodopsin. Both are proteins that
participate in the visual cycle and are highly
conserved through evolution. Whereas both
S-Ag and IRBP are uveitogenic in rats, mice
are susceptible to IRBP, but are resistant to
S-Ag-induced disease.

Current therapiesfor uveitisrely mostly on
nonspecificimmunosuppression. Steroidsare
the first line of defense, followed by
cyclosporinA and other macrolides, with cyto-
toxicagentsand antimetabolitesasal ast resort
(1). Thesechronic therapiescarry seriousside
effects and, therefore, it is of utmost impor-

tance to understand what are the mechanisms
that drive the pathogenesis of uveitis, so asto
be abl eto devise better and more specific ther-
apies, ideally targeting only the antigen-
specific cells that orchestrate and perpetuate
the pathogenic process. This overview will
attempt to present a picture of the questions
and approaches that are guiding our research
in an effort to achieve this goal.

How Does Tolerance to Inmunologically
Privileged Antigens Develop and How
Is it Maintained?

The eye is an immunologically privileged
organ. Immuneprivilegetraditionally hasbeen
understood as a lack of response to antigens
placed in the eye. As an example, allogeneic
tumor cells injected into the anterior chamber
of the eye are not rejected. Initially, this was
thought to be caused by the lack of recogni-
tion due to efficient blood—organ barriers and
the lack of lymphatic drainage of the interior
of the globe. However, more recent studies
have indicated that contributing to ocular
immune privilege are active processes, which
include the presence of anti-inflammatory
cytokines and other mediators in the ocular
fluids(e.g., TGF-B, a-MSH,VIP, and others),
and contact-mediatedinhibition by ocular cells
(Fas/FasL and noncytolytic contact inhibitors
yet to be characterized) (4-7). Thisraisesthe
guestion: How does the immune system see
the antigens derived from the eye itself?
Although exogenous antigensinjectedintothe
eye are known to €licit a stereotypic deviant
immuneresponse, known asanteri or chamber-
associated immune deviation (ACAID), in
which cellular immunity and complement-
binding antibodies are selectively inhibited
(reviewed in refs. 4 and 5), there is no con-
vincingevidencefor naturally existingACAID
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to endogenousretinal antigens. Because of the
relative sequestration of the eye from the
immune system, it is unlikely that peripheral
tolerance mechanisms, which operate effi-
ciently for tolerizing migrant lymphocytes in
“open” organ systems, play a significant role
in maintaining functional tolerance to retinal
antigens. The findings that retinal antigen-
specificlymphocytescaneasily beculturedfrom
peripheral blood of healthy animalsand humans,
and that ocular autoimmunity iseasily induced
inexperimenta animals, indicatethat tol erance
to retinal antigensisincompl ete. Indeed, recent
datafromour laboratory show that miceexpress-
ing theretina antigen IRBP extraocularly ona
class Il promoter are highly resistant to EAU
inducedwith an | RBP-derived epitope, demon-
strating directly that the normally restricted
expression of thisretina antigen does not sup-
port efficient self-tolerization (8).

Egwuaguet al. (9) showed in 1997 that cen-
tral tolerance mechanisms may supplement
the local mechanisms described abovein cre-
ating a functionally tolerant state to retinal
antigens. This pioneering study showed that
theretinal proteins IRBP and S-Ag (arrestin)
can be detected in the thymic extracts of mice
that areresistant to EAU. A more recent study
by the group of Kyewski et al. (10) localized
their expression to thymic medullary epithe-
lial cells. However, this still leaves open the
guestion of what isthetol erance statusinmice
that are susceptible to EAU in which thymic
expression was not detectable, such as the
highly susceptible B10.RIII strain.

Ongoing studies in our labora-
tory are addressing this question directly by
using | RBPknockout (KO) mice(11) that have
been bred onto the B10.RI Il background.
These studies reveal ed that, in comparison to
wild-type B10.RIII mice, the IRBP KO mice
have strongly enhanced cellular responses to
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IRBP and an expanded number of IRBP-
specific T cells. Furthermore, sparse IRBP-
positive can be detected inthe thymic medulla
of wild-type B10.RIII mice, which are absent in
the KO, by using a highly sensitive immuno-
histochemical staining (12). Importantly, IRBP
message can be detected in these microdis-
sected cells by polymerase chain reaction
(PCR), suggesting that they, in fact, makethe
interphotoreceptor retinoid-binding proteinin
situ (unpublished data). Thus,EA U-susceptible
mice, which express IRBP in what is consid-
eredtobeanimmunologically privileged fash-
ion, express | RBP in the thymus and display
a detectable and functionally significant tol-
erance to this antigen. Further studies are
needed to dissect the relative contributions of
the central (thymic) and peripheral (eye and
pined) contributionsto this tolerance.

The precise “division of labor” that brings
about thislevel of tolerance notwithstanding,
itisapparent that thetoleranceisnot profound
and is easily broken by a uveitogenic chal-
lenge. Thus, avoidance of ocular autoimmu-
nity may depend, in a large measure, on
maintaining an efficient separation between
the eye and the immune system. When that
delicately maintained balance fails for any
reason,priming of theautoreactive T cellsmay
ensue, overcomingthebarrier of local intraoc-
ular protective mechanisms, and resulting in
disease.

How Does Tolerance to Retinal Antigens
Break down and What Are the Natural
Mechanisms that Counterregulate Ocular
Autoimmunity?

Therole of adjuvants in EAU, asin other
autoimmune disease models having similar
cellular mechanisms, is all-important. A
uveitogenic immunization must be adminis-



tered in complete Freund's adjuvant, and, in
addition, many rodent strains require pertus-
sis toxin to develop disease (2). Our earlier
studies have shown that in the wild-type host,
the uveitogenic effector T cellsmust acquirea
Thl phenotype in order to induce pathology
(13,14). Thisisal so supported by observations
that endogenous IL-12, the prototypic
Thi-inducing cytokine, is necessary for dis-
ease development because mice genetically
deficient in IL-12 or treated with neutralizing
antibodiesto|L-12fail todevel opdisease. The
mycobacteria included in complete Freund's
adjuvant stimulatetheinnateimmuneresponse
that drivesdifferentiation of T cellstoward the
Thl pathway. In this context, we studied per-
tussis toxin, which for many years has been
used to enhance avariety of autoimmune dis-
easesinrodent models. Pertussistoxinhascom-
plex and incompletely understood effects on
theimmune response. Oneeffect is promoting
thebreakdown of blood-tissuebarriers. Inaddi-
tion, our datahaveindicatedthat it a sostrongly
enhancestheThlresponse, suggestingthat this
effect that may be important in the enhance-
ment of autoimmunity by pertussis (14,15).
In human uveitis, the etiologic causes/
agentsthat bring about afunctional breakdown
of tolerance are largely unknown. An excep-
tionissympathetic ophthal mia, wheretheelic-
iting event can be pinpointed exactly: a
puncture wound to one eye can be followed
after several weeksor months by adestructive
inflammationintheother, “ sympathizing,” eye
(1). This is thought to be due to antigens
released from the damaged eye that drain to
the regional lymph node and elicit systemic
immunity to the retinal antigens. It has been
noted that sympathetic ophthalmia occurs
morefrequently if aninfection devel opsinthe
damaged eye, which may provide the needed
adjuvant effect. Inthemajority of uveitiscases,
where thereis no preceding physical damage

totheeye, itisthought that aperipheral immu-
nizati on event of somesort (e.g.,infectionwith
a pathogen that has molecular mimicry with
aretinal protein) might providetheinitial anti-
genicstimulus. A number of molecular mimics
that induce EAU in susceptible animals have
been identified (16).

The autoreactive effector T cells that have
been activated in the periphery must find their
way to the eye. Thisisakinto the situationin
adoptive transfer, when a cultured T cell line
or cloneisinfused intotheanimal and induces
diseasein an initially healthy eye. How d
theT cdls“know” to find their target organ? On
the basis of experimentsin which susceptible
animals were infused with labeled activated
T cellsthat wereeither retinal antigen-specific
or nonspecific, our current thinkingisthat the
activated cells enter into the eye by chance.
Thiswasconcluded fromexperimentsinwhich
10millionfluorescently labeled S-Ag-specific
or nonspecific activated T cellswere infused
into recipient rats (17). Very small but equal
numbers (150 cells) of the specific or the non-
specific T cellsentered theretina at 24 h after
infusion, and both disappeared from the eye
by 48 h. However, the animals that received
the specific T cells subsequently developed a
massive new wave of infiltration and uveitis,
whereas no further activity was apparent in
the eyes of the recipients of the nonspecific
cells. This would suggest that, although the
initial penetration into the eye is stochastic,
recognition of specific antigen in situ
precipitates an inflammatory cascade and
recruitment of leukocytesfromthe blood, cul-
minating in the development of disease. In
that second amplification phase, non-antigen-
specific host cells, including recruited non-
specific T cells, are important in the
pathogenesis of the disease (18). Thus, two
distinct waves of infiltration into the eye can
be resolved as part of EAU pathogenesis.
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Recent experiments from our laboratory
implicated Gi protein-dependent processes
(most likely chemokine receptor-driven) not
only in the second wave of infiltration
(chemokineinvolvement in therecruitment of
cellstoexistinginflammatory siteshasby now
been well-established), but also in the initial
entry of T cellsinto the healthy eye, themech-
anism of which is much less well elucidated.
This conclusion was based on observations
that pertussis toxin—which, as described
above, enhances autoimmunity and the Thl
response when injected at the time of active
immunization—was able to compl etel y abro-
gate EAU when given at the time of effector
cell migration and inflammatory cell recruit-
ment to the target organ, corresponding to
7-10d after activeimmunization with, or con-
currently with, infusion of uveitogenicT cells
(19). The protection was accompanied by the
inhibition of cell migrationto chemokinesand
wasdependent on theADP-ribosyltransferase
activity of pertussistoxin, all consistent with
dependence on Gi protein-coupled receptor
signaling.

There are a number of mechanismsthat in

concert act to limit EAU induction and/or its

expression. The eye itself is a profoundly
immunosuppressive environment. This is
exerted at several levels and is part of the
immune privilege. The ocular fluids contain
immunosuppressive factors, such as TGF-[3,
a-MSH, VIP, and others, and the ocul ar resi-
dent cellssportimmunosuppressive molecules
ontheir surface, such asFasL and still unchar-
acterized nonlytic molecule(s) (4,5,20). It is
therefore remarkable that an effector lym-
phocyteentering suchahostileterritory isstill
able to induce disease. As mentioned above,
out of 10 million uveitogenic T cellsinjected

into a rat only 150 are found in the retina after

24 h, and if they are retina antigen-specific,
they elicit disease (17). Because as few as
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100,000 cells from a T cell line are able to
induce disease, theoretically one or two anti-
gen-specific activated celIsentering theretina
are a productive uveitogenic stimulus. This
would indicate that the immunosuppressive
environment of theeyeisinsufficient toinac-
tivateinfiltrating eff ector cellsbeforethey trig-
ger the amplification mechanisms that
culminate in disease. In keeping with this, we
found that in contrast to its effect on naive
T cells, TGF-[3 doesnot inhibit antigen-driven
proliferation of primed uveitogenic T cellsin
vitro (21) and doesnot prevent the acquisition
of uveitogenicity by these cells (Xu et a.,
submitted).

AsaTh1-dependent response, EAU should
be counterregulated by directed skewing of
the responseto retinal antigen toward the Th2
pathway. We were able to achieve ameliora-
tion of EAU by treatment of mice with IL-4
and IL-10 during the first days after uveito-
genic immunization, which is when the
response phenotypeisbeing determined (22).
Whereas treatment with 1L-10 alone down-
regulated the Thl cytokines, combined treat-
ment with IL-4 additionally caused the
emergence of Th2 cytokines. Recent evidence
from our laboratory aso implicated IL-10in

limiting the severity of, and promoting sponta-

neous recovery from, EAU (22). Thisis sup-
ported by data showing that IL-10 mRNA

levelsincrease in the eye during the spontaneous

recovery phase, and neutralization of endoge-
nous IL-10 during the effector stage of dis-
easeresultsin higher di seasescores. Moreover,
IL-10 or an 11-10-like molecul e appears to be
expressed in the eye, at least at the mRNA
level, in EAU resistant strains of rats, and we
hypothesize that it may be involvedin raising
the threshold of res stance to the induction of
the disease (23).
In addition to afferent control

by elicitation of acounterregulatory response,



such as Th2, and efferent control by anti-
inflammatory cytokines, such as IL-10, our
work suggests that the uveitogenic Thl
response can be controlled by a process akin
to negativefeedback inhibition, usingthevery
same proinflammatory mediators that the
effector Thl cells produce or induce. As will
be discussed in the following section, sus-
ceptibility to EAU is associated with a Thl
response. Therefore, we expected that treat-
ment of mice immunized for EAU with IL-12
concurrently with immunization will enhance
disease scores. Surprisingly, the treatment
largely or compl etely prevented devel opment
of disease. Subsequent experiments showed
that only treatment during the first week, but
not the second week after immunization was
protective, suggesting that it was exerted on
thepriming phaseand not ontheeff ector phase
of disease. Protected mice had evidence of
enhanced apoptosis in secondary lymphoid
organs during IL-12 treatment, and 21 d later
exhibited depressedimmunol ogi cal responses
totheimmuni zing retinal antigenandareduced
yield of lymph node cells. In aseries of exper-
iments with knockout mice, it became appar-
ent that IFN-y and iNOS knockout mice were
not protected, and Bcl-2'% transgenic mice,
expressing the antiapoptotic molecule Bcl-2
in their T cells, were lesswell protected than
the wild-type. Based on these data and the
known functionsof IL-12 and itsdownstream
mediators, we proposed a sequence of events,
whereby 1L-12 triggered massive production
of IFN-y (indeed, IL-12 treated mice had
nanogram levels of circulating IFN-y in their
serum), which caused upregulation of
inducible nitric oxide synthase (iNOS =
NOS2), and production of NO, which, inturn,
precipitated apoptosis of antigen-specific
effector cellsasthey werebeing primed. Thus,

an excess of inflammatory mediators early in
the response can limit disease by preventing
the recruitment of new T cells into the effec-
tor pool, through apoptotic and possibly non-
apoptotic mechanisms. Other studiesindicate
that | FN-y-dependent i nflammatory mediators
can also limit disease severity and duration by
helping to eliminate “spent” effector cells
(24,25).

Recent studiesin other autoimmunedisease
model shavepointed out arolefor natural killer
(NK) T and CD4+/CD25+ regulatory T cells
in homeostatic control of autoimmune
responses. The possible role of such mecha
nisms in preventing autoimmune uveitic dis-
ease is being investigated.

Genetic Mechanisms of Susceptibility
to Uveitic Disease

In humans, uveitis has been found to be
associated with certain HLA haplotypes. In
mice, where the existence of inbred strains
permits more precise and sophisticated stud-
ies to be done, we found that expression of
EAU is controlled by both major histocom-
patibility complex (MHC) and non-MHC
genes, and similar effectswerereported inthe
rat species (26,27). We have tentatively
mapped MHC control of susceptibility to the
classl| genesinmice, implicatingantigenpre-
sentation as a possible factor (26).

More recently, we have defined genetic
regions associated with EAU by correlating
phenotype with genotype (using a genome-
wide scan for microsatellite markers) in F2
progeny of aresistant (F344) and a suscepti-
ble (Lewis) rat strain. These two strains share
the same MHC class |1 and a closely related
MHC classl, thereby largely excluding MHC
effects from the anaysis. We identified four
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chromosomal regions that cosegregated with
the disease phenotype on rat chromosomes
2,4, 10, and 12 (28). Many immunologically
relevant genes are known to be located within
these regions. Furthermore, the EAU suscep-
tibility intervals overlap with genetic regions
associated with other autoimmune diseasesin

animal modelsaswell asin humans, suggesting

that autoimmune disease markers are shared
between different autoimmune diseases and
across species (29). These candidate regions
are currently being bred into congenic lines to
isolate and refine the genetic intervals.

Inparallel, we are a so employing amicro-
array anaysis of lymph node cells from the
parental susceptibleand resistant strains,and,
subsequently, also of the congenic lines, to
identify differentially expressed genes asso-
ciated with susceptibility and resistance. Pre-
liminary analysis has yielded a number of
genesthat are known to be located within the
genetic regions associated with EAU suscep-
tibility, constituting an independent confir-
mation of the validity of these approaches.

Recently, wedevel oped ahumanized model
of EAU in HLA-class |1 transgenic mice that
aredeficient for mouseclass!l molecules(Pen-
nesi et al., submitted for publication). Typical
EAU was induced in HLA-DR3, DR4, DQ6,
and DQ8 transgenic mice by immunization
with the retinal antigen IRBP. Importantly,
HLA-DR3 transgenic (TG) mice developed
severe EAU also with the retinal antigen
arrestin, to which human uveitis patients fre-
quently display cellular responses, but which
isnot uveitogenicinwild-typemice. TheEAU
model inHLA TG micesupportsarolefor the
retina antigensthat arepathogenicinanimals
in human uveitis and offers a tool to dissect
thedisease-relevant epitopespresented by dif-
ferent HLA molecules.

Regulation of Retinal Autoimmunity

Therapeutic Re-Education of the Inmune
System for Tolerance

Conventional therapies in autoimmune
uveitis, asfor other autoi mmunedi seases, rely
on broad immunosuppressive regimens that
are nonspecific and result in a global inhibi-
tion of theimmune system. On theother hand,
in their most refined, immunotherapy
approaches seek to elicit a functional toler-
ancetotheautoantigen, reestablishingastable
immunological balance that will ideally
obviate the need for further treatment.
Immunotherapeutic approaches can be either
antigen-specific or nonspecific, and depend-
ingonthecircumstances, thefate of theT cells
may be deletion, anergy, or control by active
regulatory mechanisms. Each strategy hasits
advantages and drawbacks.

Theantigen(s) that are causally involvedin
human uveitis are still unidentified, although
some data point to arrestin, to which many
uveitis patients have cellular responses, asa
candidate. Non-antigen-specific approaches
havetheadvantagethat wedo not needtoknow
the antigens causally involved in human
uveitis, but their drawback isthat they do not
differentiate between the autoreactive T cells
and those T cells that respond to microbial
antigens and are important in host defense.
Another consideration is that the therapy
should be able to reverse, not only to prevent,
pathogenesis. Reversal regimens are able to
target already primed effector cells, whereas
prevention regimens primarily target the acti-
vation stage of the T cell.

Examples of antigen-nonspecific therapies
are monoclona antibodies or immunotoxins
directed against surface receptors, such as
CD4, IL-2 receptor, or costimulatory mole-
cules. In this context, we recently studied the



blockade of costimulation as a therapy for
EAU. We showedthat disruption of B7/CD28t
in vivo indeed prevents EAU onset, but con-
trary to expectations from studies done in
model antigen systems, suchasOVA, doesnot
result in lasting tolerance. Quite the contrary,
immunization under cover of such costimula-
tory blockade permits formation of immuno-
logical memory, and disease elicited after a
second challenge is more severe (30).
Antigen-specific approaches represent the
ideal form of immunotherapy, as they target
only the T cellsimplicated in pathology while
leaving other responsesintact. However, they
require knowledge of the driving antigen(s).
In addition, the specificity of the T cell
response may change over time (a phenome-
non known as epitope-spreading and antigen-
spreading). Ultimately, we believe that the
antigen-specific responses in humans will

be dissected (perhaps with the help of HLA-

transgenic mice, as described above), and for

this reason, have been devoting attention to the

development of antigen-specific strategies.
Asdescribed above, we showed that by trea-

not upregulate iNOS in the eye. Unlike the
wild-type, theirinflammatory infiltrateisdom-
inated by polymorphonuclear leukocytes and
contains a large proportion of eosinophils,
strikingly reminiscent of an allergic-like
response. Similar data have been reported in
another autoimmune disease model, experi-
mental autoimmuneencephal omyelitis, where
polarized Th2 cells caused severe paralytic
diseasein SCID mice (32). Thus, therapeutic
paradigmsseekingtoreplaceaThlwithaTh2
response, if carriedtoofar, may resultinreplac-
ing onetypeof pathology with another. A case
inpointaretwoclinical trialsin multiplescle-
rosis, where deviation was attempted using an
altered peptide ligand: both were stopped due
to emergence of what |ooked like Th2-related
pathologies (33,34).

Another approach, whose success may at
least in part be dependent on elicitation of
immune deviation, is oral tolerance, where
feeding of an autoantigen subsequently down-
regulates cognate responses to this antigen.
Three to five feedings of 200 mg at a time of
S-Ag or IRBP, or their peptides, prevented

ting miceimmunized for EAU with acombinationuveitis in rats and in mice (35-37). Further-

of IL-4 and IL-10 it is possible to skew the
response away from the Thl pathway, and at
the same time, ameliorate pathology (22).
Theseresultswould suggest thatimmunedevi-
ation strategies, seeking to promote Th2
response at the expense of the Thl response,
could be a viable approach to therapy. How-
ever, itisbecoming increasingly apparent that
an unopposed Th2 response can be equaly
or more destructive to the tissue as a Thl
response. | FN-y knockout mice, which lack a
normal Thl response owing to their inability
to make the prototypic Thl cytokine, IFN-y,
still develop EAU, but they do so in the con-
text of a deviant effector response, having
many Th2-likeelements (31). IFN-y deficient
mice exhibit an antigen-specific effector
responsehighinlL-5,L-10,andIL-6, and do

more, in arelapsing model of EAU in B10.A
mice, feeding during remission prevents a
relapse, suggesting that oral tolerance can be
effective in existing disease (38). Indeed, a
recent clinical trial whereuveitispatientswere
fed retinal S-Ag, we obtained encouraging
results(39). Endogenously produced IL -4 and
IL-10 are necessary to develop oral tolerance
in the EAU model, and it can be enhanced by
administration of low doses of IL-2 concur-
rently with the oral tolerogenic regimen
(36,40). Oral tolerance can elicit several non-
mutually exclusive regulatory mechanisms,
from active regulation at lower antigen doses
to deletion at highest Ag doses. Although per-
manent removal of the autopathogenic cells
would appear to betheideal outcome, thecom-
plex HLA haplotypes in humans, combined
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with epitope and antigen spreading, makethis
goal difficult to achieve because diverse epi-
topes and multiple antigens are likely to be
involved. For this reason, active suppression
by regulatory cells may be a more desirable
goal, as regulatory cytokines produced in
response to one antigen will act to downreg-
ulate responsesto other antigensin the same
tissue microenvironment.

Recently, we havebegunto exploregenetic
strategies for induction of tolerance. We used
retroviral and naked DNA approachestointro-
duce sequences encoding the retinal antigen
intotheanimal, soastoachieveinvivo expres-
sion of the protein under tolerogenic condi-
tions. In one approach, a major uveitogenic
epitopeof thelRBPfusedinframetotheheavy
chain of themouselgG1 moleculewasinserted
into periphera B cellsusingaretroviral vector.
Naiverecipientsof thetransduced B celIswere
protected from EAU, induced by asubsequent
uveitogenic challenge for at least 8 mo and
exhibitedimmunol ogical hyporesponsiveness
to the tolerizing antigen (41; Agarwal et a.,
unpublished). Protection could not be adop-
tively transferred, suggesting that the mecha
nism may involve anergy or deletion of the
uveitogenic T cells, rather than the elicitation
of regulatory cells. Importantly, the retrovi-
rally transduced B cells were effective in a
reversal protocol when giventomicethat been
immunized 7 d earlier or had beeninfusedwith
auveitogenicT cdll line, and thus already had
circulating effector cells. This suggests the

utility of thistherapy inaclinical situation. In
a second approach, a naked DNA plasmid
encoding a fragment of IRBP was injected
intramuscularly or intravenously. Micevacci-
nated with thenaked DNA wereprotected from
diseaseand di splayedimmunol ogi cal hypore-
sponsiveness to the antigen (42). These data
underscorethepotential of DNA-based strate-
gies for eliciting antigen-specific tolerance.

Summary

Negative selection in the thymus by itself
isinsufficient to delete potentially autopath-
ogenic cells that recognize immunologically
privileged retinal antigens. Because of the
sequestered nature of these antigens,effective
participation of peripheral mechanismsisalso
in question. When potentially pathogenic
T cells—that have not been deleted or
tolerized—become primed in the periphery
and find their way to the eye, ocular auto-
immunity may ensue, despite the presence
of local immunosuppressive mechanisms.
Research into the immunopathogenic pro-
cesses that are involved in ocular autoi mmu-
nity is defining critical checkpoints in
the induction and effector phases of the
immunopathogenic process and is opening
new possibilitiesof rational therapeutic inter-
vention. Reprogramming of the immune
system for tolerance to establish a stable
immunol ogi cal balanceisthegoal of immuno-
therapeutic strategies of the future.
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