
Abstract
Our interests revo l ve around the study of biological mech a n i s m s
reg u l ating self-tolerance to immu n o l ogi c a l ly priv i l eged retinal pro-
teins that serve as targets in sight-thre atening autoimmune uve i t i c
d i s e a s e. These studies are aimed at understanding how self-
t o l e rance to these antigens develops during ontoge ny and is main-
tained during adulthood, the processes invo l ved in its pat h o l ogi c a l
b re a k d ow n , the reg u l at o ry mechanisms that bring about re m i s s i o n
and re c ove ry, a n d, fi n a l ly, h ow we can utilize know l e d ge of these
p rocesses for therapeutic re s t o ration of tolera n c e. To answer these
q u e s t i o n s , we use the ex p e rimental autoimmune uveitis (EAU) model
in rats and mice. Because of the commonality of underlying immu n o-
l ogical mech a n i s m s , lessons and concepts learned in ex p e ri m e n t a l
ocular models are ap p l i c able to other disease entities, a n d, c o n-
ve rs e ly, d ata gleaned from other autoimmune diseases are ap p l i c a-
ble to the study of uve i t i s .
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Introduction

U veitis is a ge n e ric term that encompasses
a va riety of intraocular infl a m m ations. Non-
i n fec tiou s uve i t i s ,     a ffec ting a n otherw ise i nta ct

eye, is believed to have an autoimmune or
i m mu n e - m e d i ated ori gin. The most dange r-
ous to vision is uveitis that affects the back of
the eye wh e re the photore c eptor cells are
l o c ated ( 1 ). It is estimated that posterior uve i t i c
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diseases collective ly are re s p o n s i ble for ab o u t
10% of the seve re visual handicap in the United
S t at e s .

E AU is a cell-mediated autoimmune dis-
ease model that serves as an ex p e ri m e n t a l
e q u ivalent to posterior uveitic diseases in the
human. EAU can be induced in suscep t i bl e
animal species by immu n i z ation with re t i n a l
a n t i gens or their frag m e n t s , and also in mice
and rats by infusion of retinal antige n - s p e c i fi c
T cell lines and clones. A number of pro t e i n s
d e rived from the photore c eptor cell laye r,
among them the interp h o t o re c eptor re t i n o i d -
binding protein (IRBP), the retinal solubl e
a n t i gen (S-Ag), re c ove ri n , r h o d o p s i n , and its
i l l u m i n ated fo rm , o p s i n , we re found to be
p at h ogenic and to cause essentially identical
p at h o l ogy ( 2 , 3 ). Suscep t i ble animal species
i n clude rodents as well as pri m ates. A l t h o u g h
the antigens driving human uveitis are still
u n k n ow n , u veitis patients fre q u e n t ly display
s t rong cellular responses to retinal antige n s
t h at are uve i t ogenic in animals, and it is there-
fo re believed that the findings in animal models
can be ex t rap o l ated to the human ( 1 – 3 ). Of the
u ve i t ogenic retinal antigens the most widely
studied are IRBP that tra n s p o rts vitamin A
d e rivat ives within the eye, and the S-Ag, o t h e r-
wise known as arre s t i n , wh i ch quenches pho-
t o a c t ivated rhodopsin. Both are proteins that
p a rt i c i p ate in the visual cy cle and are highly
c o n s e rved through evolution. Wh e reas both
S-Ag and IRBP are uve i t ogenic in rat s , m i c e
a re suscep t i ble to IRBP, but are resistant to
S-Ag-induced disease.

C u rrent therapies for uveitis re ly mostly on
n o n s p e c i fic immu n o s u p p ression. Steroids are
the fi rst  l ine of defe n s e, fo l l owed by
cy cl o s p o rin A and other macro l i d e s , with cy t o-
t oxic agents and antimetabolites as a last re s o rt
( 1 ). These ch ronic therapies carry serious side
e ffects and, t h e re fo re, it is of utmost impor-

tance to understand wh at are the mech a n i s m s
t h at drive the pat h ogenesis of uve i t i s , so as to
be able to devise better and more specific ther-
ap i e s , i d e a l ly targeting only the antige n -
s p e c i fic cells that orch e s t rate and perp e t u at e
the pat h ogenic process. This ove rv i ew will
attempt to present a picture of the questions
and ap p ro a ches that are guiding our re s e a rch
in an effo rt to ach i eve this go a l .

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

The eye is an immu n o l ogi c a l ly priv i l ege d
o rgan. Immune priv i l ege tra d i t i o n a l ly has been
u n d e rstood as a lack of response to antige n s
placed in the eye. As an ex a m p l e, a l l oge n e i c
tumor cells injected into the anterior ch a m b e r
of the eye are not re j e c t e d. Initially, this wa s
thought to be caused by the lack of re c og n i-
tion due to efficient bl o o d – o rgan barri e rs and
the lack of ly m p h atic dra i n age of the interi o r
of the globe. Howeve r, m o re recent studies
h ave indicated that contri buting to ocular
i m mune priv i l ege are active pro c e s s e s , wh i ch
i n clude the presence of anti-infl a m m at o ry
cytokines and other mediat o rs in the ocular
fluids (e. g. ,T G F -β, α- M S H ,V I P, and others ) ,
and contact-mediated inhibition by ocular cells
( Fa s / FasL and noncy t o lytic contact inhibitors
yet to be ch a ra c t e ri zed) ( 4 – 7 ). This raises the
q u e s t i o n : H ow does the immune system see
the antigens derived from the eye itself?
Although ex ogenous antigens injected into the
eye are known to elicit a stereotypic dev i a n t
i m mune re s p o n s e, k n own as anterior ch a m b e r-
a s s o c i ated immune dev i ation (AC A I D ) , i n
wh i ch cellular immunity and complement-
binding antibodies are selective ly inhibited
( rev i ewed in refs. 4 and 5) , t h e re is no con-
vincing evidence for nat u ra l ly existing AC A I D
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to endogenous retinal antigens. Because of the
re l at ive sequestration of the eye from the
i m mune system, it is unlike ly that peri p h e ra l
t o l e rance mech a n i s m s , wh i ch operate effi-
c i e n t ly for tolerizing migrant ly m p h o cytes in
“ o p e n ” o rgan systems, p l ay a significant ro l e
in maintaining functional tolerance to re t i n a l
a n t i gens. The findings that retinal antige n -
s p e c i fic ly m p h o cytes can easily be cultured fro m
p e ri p h e ral blood of healthy animals and humans,
and that ocular autoimmunity is easily induced
in ex p e rimental animals, i n d i c ate that tolera n c e
to retinal antigens is incomplete. Indeed, re c e n t
d ata from our lab o rat o ry show that mice ex p re s s-
ing the retinal antigen IRBP ex t ra o c u l a rly on a
class II promoter are highly resistant to EAU
induced with an IRBP-derived ep i t o p e, d e m o n-
s t rating dire c t ly that the norm a l ly re s t ri c t e d
ex p ression of this retinal antigen does not sup-
p o rt efficient self-toleri z ation ( 8 ).

E g w u agu et al. ( 9 ) s h owed in 1997 that cen-
t ral tolerance mechanisms may supplement
the local mechanisms described ab ove in cre-
ating a functionally tolerant state to re t i n a l
a n t i gens. This pioneering study showed that
the retinal proteins IRBP and S-Ag (arre s t i n )
can be detected in the thymic ex t racts of mice
t h at are resistant to EAU. A more recent study
by the group of Kyewski et al. ( 1 0 ) l o c a l i ze d
their ex p ression to thymic medullary ep i t h e-
lial cells. Howeve r, this still leaves open the
question of wh at is the tolerance status in mice
t h at are suscep t i ble to EAU in wh i ch thy m i c
ex p ression was not detectabl e, s u ch as the
h i g h ly suscep t i ble B10.RIII stra i n .

O n go i ng s t ud ies in ou r lab o r a-
t o ry are add ressing this question dire c t ly by
using IRBP knockout (KO) mice ( 1 1 ) t h at have
been bred onto the B10.RIII back gro u n d.
These studies revealed that , in comparison to
wild-type B10.RIII mice, the IRBP KO mice
h ave stro n g ly enhanced cellular responses to

IRBP and an expanded number of IRBP-
s p e c i fic T cells. Furt h e rm o re, s p a rse IRBP-
p o s i t ive can be detected in the thymic medulla
of wi ld -t yp e B10 .R II I mic e, which a re abs ent i n
t he KO, b y usi ng a high ly s e nsit ive i mmu n o -
h i s t o chemical staining ( 1 2 ). Import a n t ly, I R B P
m e s s age can be detected in these micro d i s-
sected cells by poly m e rase chain re a c t i o n
( P C R ) , s u ggesting that they, in fa c t , m a ke the
i n t e rp h o t o re c eptor retinoid-binding protein i n
s i t u ( u n p u blished data). Th u s ,E AU - s u s c ep t i bl e
m i c e, wh i ch ex p ress IRBP in wh at is consid-
e red to be an immu n o l ogi c a l ly priv i l eged fa s h-
i o n , ex p ress IRBP in the thy mus and display
a detectable and functionally significant tol-
e rance to this antigen. Further studies are
needed to dissect the re l at ive contri butions of
the central (thymic) and peri p h e ral (eye and
pineal) contri butions to this tolera n c e.

The precise “ d ivision of lab o r ” t h at bri n g s
about this level of tolerance notwithstanding,
it is ap p a rent that the tolerance is not pro fo u n d
and is easily bro ken by a uve i t ogenic ch a l-
l e n ge. Th u s , avoidance of ocular autoimmu-
nity may dep e n d, in a large measure, o n
maintaining an efficient sep a ration betwe e n
the eye and the immune system. When that
d e l i c at e ly maintained balance fails for any
re a s o n ,p riming of the autore a c t ive T cells may
e n s u e, ove rcoming the barrier of local intra o c-
ular pro t e c t ive mech a n i s m s , and resulting in
d i s e a s e.

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

The role of adjuvants in EAU, as in other
a u t o i m mune disease models having similar
cellular mech a n i s m s , is all-important. A
u ve i t ogenic immu n i z ation must be adminis-
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t e red in complete Fre u n d ’s adjuva n t , a n d, i n
a dd i t i o n , m a ny rodent strains re q u i re pert u s-
sis toxin to develop disease ( 2 ). Our earl i e r
studies have shown that in the wild-type host,
the uve i t ogenic effector T cells must acquire a
Th1 phenotype in order to induce pat h o l ogy
( 1 3 , 1 4 ). This is also supported by observat i o n s
t h at endogenous IL-12, the pro t o t y p i c
Th1-inducing cy t o k i n e, is necessary for dis-
ease development because mice ge n e t i c a l ly
d e ficient in IL-12 or tre ated with neutra l i z i n g
antibodies to IL-12 fail to develop disease. Th e
my c o b a c t e ria included in complete Fre u n d ’s
a d j u vant stimu l ate the innate immune re s p o n s e
t h at drives diffe re n t i ation of T cells towa rd the
Th1 pat h way. In this contex t , we studied per-
tussis tox i n , wh i ch for many ye a rs has been
used to enhance a va riety of autoimmune dis-
eases in rodent models. Pe rtussis toxin has com-
p l ex and incompletely understood effects on
the immune re s p o n s e. One effect is pro m o t i n g
the bre a k d own of blood–tissue barri e rs. In add i-
t i o n , our data have indicated that it also stro n g ly
enhances the Th1 re s p o n s e, s u ggesting that this
e ffect that may be important in the enhance-
ment of autoimmunity by pertussis ( 1 4 , 1 5 ).

In human uve i t i s , the etiologic causes/
agents that bring about a functional bre a k d ow n
of tolerance are large ly unknown. An ex c ep-
tion is sympathetic ophthalmia, wh e re the elic-
iting event can be pinpointed ex a c t ly : a
p u n c t u re wound to one eye can be fo l l owe d
after seve ral weeks or months by a destru c t ive
i n fl a m m ation in the other, “ s y m p at h i z i n g,” eye
( 1 ). This is thought to be due to antige n s
released from the damaged eye that drain to
the regional lymph node and elicit systemic
i m munity to the retinal antigens. It has been
noted that sympathetic ophthalmia occurs
m o re fre q u e n t ly if an infection develops in the
d a m aged eye, wh i ch may provide the needed
a d j u vant effect. In the majority of uveitis cases,
wh e re there is no preceding physical damage

to the eye, it is thought that a peri p h e ral immu-
n i z ation event of some sort (e. g. ,i n fection with
a pat h ogen that has molecular mimicry with
a retinal protein) might provide the initial anti-
genic stimulus. A number of molecular mimics
t h at induce EAU in suscep t i ble animals have
been identified ( 1 6 ).

Th e a u to r e a c t ive e ffe ct o r T c e l ls t h at h ave
be en a ct ivat ed i n th e p e ri p h e ry m ust find their
way to the eye. This is akin to the situation in
a d o p t ive tra n s fe r, when a cultured T cell line
or clone is infused into the animal and induces
dise as e in a n i n it i all y h ea l thy e ye. How d
th e T c el ls “ k n ow ” t o fi nd their ta rget or gan? O n
the basis of ex p e riments in wh i ch suscep t i bl e
ani mal s we r e i nfu sed w it h l ab e l e d     a c t ivat e d
T cells that we re either retinal antige n - s p e c i fi c
or nonspecifi c, our current thinking is that the
a c t ivated cells enter into the eye by ch a n c e.
This was concluded from ex p e riments in wh i ch
10 million fl u o re s c e n t ly labeled S-Ag-specifi c
or n on sp eci fi c   a c t ivated T c el l s we re i n fus ed
into recipient rats ( 1 7 ). Ve ry small but equal
nu m b e rs (150 cells) of the specific or the non-
s p e c i fic T cells entered the retina at 24 h after
i n f u s i o n , and both disap p e a red from the eye
by 48 h. Howeve r, the animals that re c e ive d
the specific T cells subsequently developed a
m a s s ive new wave of infi l t ration and uve i t i s ,
wh e reas no further activity was ap p a rent in
the eyes of the recipients of the nonspecifi c
cells. This would suggest that , although the
initial penetration into the eye is stoch a s t i c,
re c ognition of specific antigen in situ
p re c i p i t ates an infl a m m at o ry cascade and
re c ruitment of leuko cytes from the bl o o d, c u l-
m i n ating in the development of disease. In
t h at se con d a m plif i c at i on p has e , n o n -a n t i ge n -
s p e c i fic host cells, i n cluding re c ruited non-
s p e c i fic T cells , a re important in the
p at h ogenesis of the disease ( 1 8 ). Th u s , t wo
distinct waves of infi l t ration into the eye can
be re s o l ved as part of EAU pat h oge n e s i s .

C a s p i4



Recent ex p e riments from our lab o rat o ry
i m p l i c ated Gi pro t e i n - d ependent pro c e s s e s
(most like ly chemokine re c ep t o r- d riven) not
o n ly in the second wave of infi l t rat i o n
( chemokine invo l vement in the re c ruitment of
cells to existing infl a m m at o ry sites has by now
been we l l - e s t abl i s h e d ) , but also in the initial
e n t ry of T cells into the healthy eye, the mech-
anism of wh i ch is mu ch less well elucidat e d.
This conclusion was based on observat i o n s
t h at pertussis tox i n — wh i ch , as descri b e d
ab ove, enhances autoimmunity and the Th 1
response when injected at the time of active
i m mu n i z at i o n — was able to completely ab ro-
gate EAU when given at the time of effe c t o r
cell migration and infl a m m at o ry cell re c ru i t-
ment to the target orga n , c o rresponding to
7–10 d after active immu n i z ation with, or con-
c u rre n t ly with, infusion of uve i t ogenic T cells
( 1 9 ). The protection was accompanied by the
inhibition of cell migration to chemokines and
was dependent on the A D P - ri b o s y l t ra n s fe ra s e
a c t ivity of pertussis tox i n , all consistent with
d ependence on Gi protein-coupled re c ep t o r
s i g n a l i n g.

Th e re are a number of mechanisms that in
c o n c e r t a ct to l i m i t E AU in d u c ti o n a n d / or i ts

ex p ression. The eye itself is a pro fo u n d ly
i m mu n o s u p p re s s ive env i ronment. This is
exe rted at seve ral levels and is part of the
i m mune priv i l ege. The ocular fluids contain
i m mu n o s u p p re s s ive fa c t o rs , s u ch as T G F -β,
α- M S H , V I P, and others , and the ocular re s i-
dent cells sport immu n o s u p p re s s ive molecules
on their surfa c e, s u ch as FasL and still unch a r-
a c t e ri zed nonlytic molecule(s) ( 4 , 5 , 2 0 ). It is
t h e re fo re re m a rk able that an effector ly m-
p h o cyte entering such a hostile terri t o ry is still
able to induce disease. As mentioned ab ove,
out of 10 million uve i t ogenic T cells injected

i nto a ra t o nl y 15 0 a re fo un d in t h e re tin a af te r
24 h, and if they are retinal antige n - s p e c i fi c,
t h ey elicit disease ( 1 7 ). Because as few as

100,000 cells from a T cell line are able to
induce disease, t h e o re t i c a l ly one or two anti-
ge n - s p e c i fic activated cells entering the re t i n a
a r e a p r o d u c t ive uve i t og eni c sti mu l us. T h i s
would indicate that the immu n o s u p p re s s ive
e nv i ronment of the eye is insufficient to inac-
t ivate infi l t rating effector cells befo re they tri g-
ger the amplifi c at ion mechanisms that
c u l m i n ate in disease. In ke eping with this, we
found that in contrast to its effect on naive
T cells, T G F -β does not inhibit antige n - d rive n
p ro l i fe ration of primed uve i t ogenic T cells in
v i t ro ( 2 1 ) and does not prevent the acquisition
of uve i t ogenicity by these cells (Xu et al.,
submitted ) .

As a Th 1 - d ependent re s p o n s e, E AU should
be counterreg u l ated by directed skewing of
the response to retinal antigen towa rd the Th 2
p at h way. We we re able to ach i eve ameliora-
tion of EAU by tre atment of mice with IL-4
and IL-10 during the fi rst days after uve i t o-
genic immu n i z at i o n , wh i ch is when the
response phenotype is being determined ( 2 2 ).
Wh e reas tre atment with IL-10 alone dow n-
reg u l ated the Th1 cy t o k i n e s , combined tre at-
ment with IL-4 add i t i o n a l ly caused the
e m e rgence of Th2 cytokines. Recent ev i d e n c e
f rom our lab o rat o ry also implicated IL-10 in
l im iti ng t he s eve r ity of, a n d p rom ot i ng sp on ta -
neo us r e c ove ry fr om, E AU ( 2 2 ). T h is i s su p-
p o rted by data showing that IL-10 mRNA
l eve ls in c rea se in t he e ye d uri ng the s po nt ane ou s
re c ove ry ph a se, a nd n eut ra l i z at i on o f e nd oge-
nous IL-10 during the effector stage of dis-
ease results in higher disease scores. More ove r,
IL-10 or an Il-10-like molecule ap p e a rs to be
ex p ressed in the eye, at least at the mRNA
l eve l , in EAU resistant strains of rat s , and we
hy p o t h e s i ze that it may be invo l ved in ra i s i n g
the threshold of resistance to the induction of
the disease ( 2 3 ).

In a dd iti on t o aff e re nt c o nt rol 
by elicitation of a counterreg u l at o ry re s p o n s e,
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s u ch as Th 2 , and effe rent control by anti-
i n fl a m m at o ry cy t o k i n e s , s u ch as IL-10, o u r
wo rk suggests that the uve i t ogenic Th 1
response can be controlled by a process akin
to negat ive fe e d b a ck inhibition, using the ve ry
same pro i n fl a m m at o ry mediat o rs that the
e ffector Th1 cells produce or induce. As will
be discussed in the fo l l owing section, s u s-
c eptibility to EAU is associated with a Th 1
re s p o n s e. Th e re fo re, we expected that tre at-
ment of mice immu n i zed for EAU with IL-12
c o n c u rre n t ly with immu n i z ation will enhance
disease scores. Surp ri s i n g ly, the tre at m e n t
l a rge ly or completely prevented deve l o p m e n t
of disease. Subsequent ex p e riments showe d
t h at only tre atment during the fi rst we e k , bu t
not the second week after immu n i z ation wa s
p ro t e c t ive, s u ggesting that it was exe rted on
the priming phase and not on the effector phase
of disease. Protected mice had evidence of
enhanced apoptosis in secondary ly m p h o i d
o rgans during IL-12 tre at m e n t , and 21 d lat e r
exhibited dep ressed immu n o l ogical re s p o n s e s
to the immunizing retinal antigen and a re d u c e d
yield of lymph node cells. In a series of ex p e r-
iments with knockout mice, it became ap p a r-
ent that IFN-γ and iNOS knockout mice we re
not pro t e c t e d, and Bcl - 2l ck t ra n s genic mice,
ex p ressing the antiapoptotic molecule Bcl - 2
in their T cells, we re less well protected than
the wild-type. Based on these data and the
k n own functions of IL-12 and its dow n s t re a m
m e d i at o rs , we proposed a sequence of eve n t s ,
wh e reby IL-12 tri gge red massive pro d u c t i o n
of IFN-γ ( i n d e e d, IL-12 tre ated mice had
n a n ogram levels of circ u l ating IFN-γ in their
s e ru m ) , wh i ch caused upreg u l at ion of
i n d u c i ble nitric oxide synthase (iNOS =
N O S 2 ) , and production of NO, wh i ch , in turn ,
p re c i p i t ated apoptosis of antige n - s p e c i fi c
e ffector cells as they we re being pri m e d. Th u s ,

an excess of infl a m m at o ry mediat o rs early in
the response can limit disease by preve n t i n g
the re c ruitment of new T cells into the effe c-
tor pool, t h rough apoptotic and possibly non-
apoptotic mechanisms. Other studies indicat e
t h at IFN-γ- d ependent infl a m m at o ry mediat o rs
can also limit disease seve rity and duration by
helping to eliminate “ s p e n t ” e ffector cells
( 2 4 , 2 5 ).

Recent studies in other autoimmune disease
models have pointed out a role for nat u ral killer
(NK) T and CD4+/CD25+ reg u l at o ry T cells
in homeostatic control  of autoimmu n e
responses. The possible role of such mech a-
nisms in preventing autoimmune uveitic dis-
ease is being inve s t i gat e d.

Genetic Mechanisms of Susceptibility
to Uveitic Disease

In humans, u veitis has been found to be
a s s o c i ated with certain HLA haplotypes. In
m i c e, wh e re the existence of inbred stra i n s
p e rmits more precise and sophisticated stud-
ies to be done, we found that ex p ression of
E AU is controlled by both major histocom-
p atibility complex (MHC) and non-MHC
ge n e s , and similar effects we re rep o rted in the
rat species ( 2 6 , 2 7 ). We have tentat ive ly
m apped MHC control of susceptibility to the
class II genes in mice, i m p l i c ating antigen pre-
s e n t ation as a possible factor ( 2 6 ).

M o re re c e n t ly, we have defined ge n e t i c
r eg i o ns as s oc ia te d wi t h E AU by correlating
phenotype with genotype (using a ge n o m e -
wide scan for micro s atellite marke rs) in F2
p roge ny of a resistant (F344) and a suscep t i-
ble (Lewis) rat strain. These two strains share
the same MHC class II and a cl o s e ly re l at e d
MHC class I, t h e reby large ly ex cluding MHC
e ffects from the analysis. We identified fo u r
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ch romosomal regions that cosegregated with
the disease phenotype on rat ch ro m o s o m e s
2 , 4 , 1 0 , and 12 ( 2 8 ). Many immu n o l ogi c a l ly
re l evant genes are known to be located within
these regions. Furt h e rm o re, the EAU suscep-
tibility intervals ove rl ap with genetic regi o n s
a s s o c i ated with other autoimmune diseases in

a nim a l mo de ls a s wel l as in hum ans , s u gg e s t i n g
t h at autoimmune disease marke rs are share d
b e t we e n d i ff e r en t au t o i m m u n e d i s ea ses an d
a c ross species ( 2 9 ). These candidate regi o n s

a r e cu r re n t l y b ei ng bre d into c on gen ic li nes t o
i s o l ate and re fine the genetic interva l s .

In para l l e l , we are also employing a micro-
a rray analysis of lymph node cells from the
p a rental suscep t i ble and resistant stra i n s ,a n d,
s u b s e q u e n t ly, also of the congenic lines, t o
identify diffe re n t i a l ly ex p ressed genes asso-
c i ated with susceptibility and re s i s t a n c e. Pre-
l i m i n a ry analysis has yielded a number of
genes that are known to be located within the
genetic regions associated with EAU suscep-
t i b i l i t y, constituting an independent confi r-
m ation of the validity of these ap p ro a ch e s .

R e c e n t ly, we developed a humanized model
of EAU in HLA-class II tra n s genic mice that
a re deficient for mouse class II molecules (Pe n-
nesi et al., submitted for publ i c ation). Ty p i c a l
E AU was induced in HLA-DR3, D R 4 , D Q 6 ,
and DQ8 tra n s genic mice by immu n i z at i o n
with the retinal antigen IRBP. Import a n t ly,
HLA-DR3 tra n s genic (TG) mice deve l o p e d
s eve re EAU also with the retinal antige n
a rre s t i n , to wh i ch human uveitis patients fre-
q u e n t ly display cellular re s p o n s e s , but wh i ch
is not uve i t ogenic in wild-type mice. The EAU
model in HLA TG mice supports a role for the
retinal antigens that are pat h ogenic in animals
in human uveitis and offe rs a tool to dissect
the disease-re l evant epitopes presented by dif-
fe rent HLA molecules.

Therapeutic Re-Education of the Immune
System for Tolerance

C o nventional therapies in autoimmu n e
u ve i t i s , as for other autoimmune diseases, re ly
on broad immu n o s u p p re s s ive regimens that
a re nonspecific and result in a global inhibi-
tion of the immune system. On the other hand,
in their most re fi n e d, i m mu n o t h e rapy
ap p ro a ches seek to elicit a functional toler-
ance to the autoantige n , re e s t ablishing a stabl e
i m mu n o l ogical balance that will ideally
o bv i ate the need for further tre at m e n t .
I m mu n o t h e rapeutic ap p ro a ches can be either
a n t i ge n - s p e c i fic or nonspecifi c, and dep e n d-
ing on the circ u m s t a n c e s , the fate of the T cells
m ay be deletion, a n e rgy, or control by active
reg u l at o ry mechanisms. Each strat egy has its
a dva n t ages and draw b a ck s .

The antigen(s) that are causally invo l ved in
human uveitis are still unidentifi e d, a l t h o u g h
s om e da t a p oi nt to a rr es tin, to which many 
u v e it i s p a t i e n t s h av e c e l lu l a r responses, as a
candidate. N on- a n ti g e n - s p e c i fi c ap p ro a ch e s
h ave the adva n t age that we do not need to know
the antigens causally invo l ved in human
u ve i t i s , but their draw b a ck is that they do not
d i ffe re n t i ate between the autore a c t ive T cells
and those T cells that respond to micro b i a l
a n t i gens and are important in host defe n s e.
Another consideration is that the therapy
should be able to reve rs e, not only to preve n t ,
p at h ogenesis. Reve rsal regimens are able to
t a rget alre a dy primed effector cells, wh e re a s
p revention regimens pri m a ri ly target the acti-
vation stage of the T cell.

Examples of antige n - n o n s p e c i fic therap i e s
a re monoclonal antibodies or immu n o t ox i n s
d i rected against surface re c ep t o rs , s u ch as
C D 4 , IL-2 re c ep t o r, or costimu l at o ry mole-
cules. In this contex t , we re c e n t ly studied the
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bl o ckade of costimu l ation as a therapy fo r
E AU. We showed that disruption of B7/CD28t
in vivo indeed prevents EAU onset, but con-
t ra ry to ex p e c t ations from studies done in
model antigen systems, s u ch as OVA , does not
result in lasting tolera n c e. Quite the contra ry,
i m mu n i z ation under cover of such costimu l a-
t o ry bl o ckade permits fo rm ation of immu n o-
l ogical memory, and disease elicited after a
second ch a l l e n ge is more seve re ( 3 0 ).

A n t i ge n - s p e c i fic ap p ro a ches rep resent the
ideal fo rm of immu n o t h e rapy, as they targe t
o n ly the T cells implicated in pat h o l ogy wh i l e
l e aving other responses intact. Howeve r, t h ey
re q u i re know l e d ge of the driving antige n ( s ) .
In add i t i o n , the specificity of the T cell
response may ch a n ge over time (a phenome-
non known as ep i t o p e - s p reading and antige n -
s p reading). Ultimat e ly, we believe that the
a n t i ge n - s p e c i f i c r e s p o n s e s i n h u m a n s will 

be d i s s e c te d ( p e r h a p s w i t h t h e h e lp o f H L A -
t ra n s genic mice, as described ab ove ) , and fo r
this re a s o n , h ave been devoting attention to the
d evelopment of antige n - s p e c i fic strat egi e s .
    As de scribe d ab ove, we show ed that by tre a-

ting mic e i mm u n i ze d fo r EAU wi t h a c o mb in a t i o n
of IL-4 and IL-10 it is possible to skew the
response away from the Th1 pat h way, and at
the same time, a m e l i o rate pat h o l ogy ( 2 2 ).
These results would suggest that immune dev i-
ation strat egi e s , seeking to promote Th 2
response at the expense of the Th1 re s p o n s e,
could be a viable ap p ro a ch to therapy. How-
eve r, it is becoming incre a s i n g ly ap p a rent that
an unopposed Th2 response can be equally
or more destru c t ive to the tissue as a Th 1
re s p o n s e. IFN-γ k n o ckout mice, wh i ch lack a
n o rmal Th1 response owing to their inab i l i t y
to make the prototypic Th1 cy t o k i n e, I F N -γ,
still develop EAU, but they do so in the con-
t ext of a deviant effector re s p o n s e, h av i n g
m a ny Th 2 - l i ke elements ( 3 1 ). IFN-γ d e fi c i e n t
mice exhibit an antige n - s p e c i fic effe c t o r
response high in IL-5, I L - 1 0 , and IL-6, and do

not upreg u l ate iNOS in the eye. Unlike the
w i l d - t y p e, their infl a m m at o ry infi l t rate is dom-
i n ated by poly m o rp h o nu clear leuko cytes and
contains a large pro p o rtion of eosinophils,
s t ri k i n g ly reminiscent of an allergi c - l i ke
re s p o n s e. Similar data have been rep o rted in
another autoimmune disease model, ex p e ri-
mental autoimmune encep h a l o mye l i t i s , wh e re
p o l a ri zed Th2 cells caused seve re para ly t i c
disease in SCID mice ( 3 2 ). Th u s , t h e rap e u t i c
p a radigms seeking to replace a Th1 with a Th 2
re s p o n s e, if carried too fa r,m ay result in rep l a c-
ing one type of pat h o l ogy with another. A case
in point are two clinical trials in multiple scl e-
ro s i s , wh e re dev i ation was attempted using an
a l t e red peptide liga n d : both we re stopped due
to emergence of wh at looked like Th 2 - re l at e d
p at h o l ogies ( 3 3 , 3 4 ).

Another ap p ro a ch , whose success may at
least in part be dependent on elicitation of
i m mune dev i at i o n , is oral tolera n c e, wh e re
feeding of an autoantigen subsequently dow n-
reg u l ates cog n ate responses to this antige n .
Th ree to five feedings of 200 mg at a time of
S-Ag or IRBP, or their pep t i d e s , p reve n t e d
u veitis in rats and in mice ( 3 5 – 3 7 ). Furt h e r-
m o re, in a re l apsing model of EAU in B10.A
m i c e, feeding during remission prevents a
re l ap s e, s u ggesting that oral tolerance can be
e ffe c t ive in existing disease ( 3 8 ). Indeed, a
recent clinical trial wh e re uveitis patients we re
fed retinal S-Ag, we obtained encouragi n g
results ( 3 9 ). Endoge n o u s ly produced IL-4 and
IL-10 are necessary to develop oral tolera n c e
in the EAU model, and it can be enhanced by
a d m i n i s t ration of low doses of IL-2 concur-
re n t ly with the oral tolerogenic regi m e n
( 3 6 , 4 0 ). Oral tolerance can elicit seve ral non-
mu t u a l ly ex cl u s ive reg u l at o ry mech a n i s m s ,
f rom active reg u l ation at lower antigen doses
to deletion at highest Ag doses. Although per-
manent re m oval of the autopat h ogenic cells
would appear to be the ideal outcome, the com-
p l ex HLA haplotypes in humans, c o m b i n e d
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with epitope and antigen spre a d i n g, m a ke this
goal difficult to ach i eve because dive rse ep i-
topes and multiple antigens are like ly to be
i nvo l ve d. For this re a s o n , a c t ive suppre s s i o n
by reg u l at o ry cells may be a more desirabl e
go a l , as reg u l at o ry cytokines produced in
response to one antigen will act to dow n reg-
u l ate responses to other antigens in the same
tissue micro e nv i ro n m e n t .

R e c e n t ly, we have begun to ex p l o re ge n e t i c
s t rat egies for induction of tolera n c e. We used
re t rov i ral and naked DNA ap p ro a ches to intro-
duce sequences encoding the retinal antige n
into the animal, so as to ach i eve in vivo ex p re s-
sion of the protein under tolerogenic condi-
tions. In one ap p ro a ch , a major uve i t oge n i c
epitope of the IRBP fused in frame to the heav y
chain of the mouse IgG1 molecule was insert e d
into peri p h e ral B cells using a re t rov i ral ve c t o r.
N a ive recipients of the transduced B cells we re
p rotected from EAU, induced by a subsequent
u ve i t ogenic ch a l l e n ge for at least 8 mo and
exhibited immu n o l ogical hy p o re s p o n s ive n e s s
to the tolerizing antigen (4 1; A ga r wal et al.,
u n p u blished). Protection could not be adop-
t ive ly tra n s fe rre d, s u ggesting that the mech a-
nism may invo l ve anergy or deletion of the
u ve i t ogenic T cells, rather than the elicitat i o n
of reg u l at o ry cells. Import a n t ly, the re t rov i-
ra l ly transduced B cells we re effe c t ive in a
reve rsal protocol when given to mice that been
i m mu n i zed 7 d earlier or had been infused with
a uve i t o gen ic T c ell l in e, an d t h u s  a l re a dy had
c i rc u l ating effector cells. This suggests the

utility of this therapy in a clinical situation. In
a second ap p ro a ch , a naked DNA plasmid
encoding a fragment of IRBP was injected
i n t ra mu s c u l a rly or intrave n o u s ly. Mice va c c i-
n ated with the naked DNA we re protected fro m
disease and displayed immu n o l ogical hy p o re-
s p o n s iveness to the antigen ( 4 2 ). These dat a
u n d e rs c o re the potential of DNA-based strat e-
gies for eliciting antige n - s p e c i fic tolera n c e.

Summary

N egat ive selection in the thy mus by itself
is insufficient to delete potentially autopat h-
ogenic cells that re c og n i ze immu n o l ogi c a l ly
p riv i l eged retinal antigens. Because of the
s e q u e s t e red nat u re of these antige n s ,e ffe c t ive
p a rt i c i p ation of peri p h e ral mechanisms is also
in question. When potentially pat h oge n i c
T cells—that have not been deleted or
t o l e ri zed—become primed in the peri p h e ry
and find their way to the eye, ocular auto-
i m munity may ensue, despite the pre s e n c e
of local immu n o s u p p re s s ive mech a n i s m s .
R e s e a rch into the immu n o p at h ogenic pro-
cesses that are invo l ved in ocular autoimmu-
n ity is de fi ni n g cr i ti c a l c h e ck p oi n t s i n
the induction and effector phases of the
i m mu n o p at h ogenic process and is opening
n ew possibilities of rational therapeutic inter-
vention. Rep rogramming of the immu n e
system for tolerance to establish a stabl e
i m mu n o l ogical balance is the goal of immu n o-
t h e rapeutic strat egies of the future.
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