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Abstract. Clinical trials have shown that the type I interferon (IFN)-α/
�
β have some beneficial effects on organ-

-specific autoimmune diseases, such as Behcet’s diseases and multiple sclerosis, although the�  precise mechanisms
remain largely unresolved. T helper cells 1(Th1)-mediated autoimmune responses are involve� d in the initiation
a	 nd/or progression of human uveitis, such as Behcet’s disease. The animal model of experimenta	 l autoimmune
u
 veoretinitis (EAU), characterized by a monophasic clinical course, has contributed to the und

�
erstanding of the

p� athogenesis of human uveitis. Th1 producing IFN-γ
  induce EAU development, while Th2 producing IL-4/IL-10
p� revent the disease. However, depending on the cytokine milieu, the pro-inflammatory cyto� kine IFN-γ
  may
a	 ttenuate the autoimmune responses and anti-inflammatory cytokine IL-4 exacerbates it. C

�
hemokines also play

a	  crucial role in EAU development, which might be resolved by Th2-mediated immune responses. The adminis-
t

�
ration of IFN-α/

�
β prevents EAU development, accompanied by a diminished production of IFN-γ
 /

�
IL-10. Inter-

e� stingly, however, IFN-α/
�
β also have some beneficial effects on patients with Th2-like phenotype in addition to

T
�

h1-like phenotypes. Thus, the immuno-modulatory action of IFN-α/
�
β may be dependent on the context of

c� ytokine combination and/or their concentrations.
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I
�
ntroduction

T
�

he development of an animal model of uveitis,
e� xperimental autoimmune uveitis (EAU)2

�
3, 77, has con-

t
�
ributed greatly to the understanding of the immuno-pa-

t
�
hogenic mechanisms of human uveitis. Human uveitis,

i
�
ncluding Behcet’s disease, sympathetic ophthalmia,

a	 nd Vogt-Koyanagi-Harada disease, represents in-

t
�
raocular inflammatory diseases characterized by in-

flammatory attack of the uvea as well as the neuro-re-
t

�
ina, resulting in severe vision loss and morbidity3

�
6.

EAU is predominantly induced by immunization with
u
 veitogenic retinal antigens, S-antigens (S-Ag) or inter-
p� hotoreceptor retinoid-binding protein (IRBP) in sus-
c� eptible rats (Lewis)3

�
6 and mice (at least H-2Ak

�
)

� 14.
Immune responses to uveitogenic antigens are in
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g� eneral not different from responses to foreign antigens
such as pathogens or foods. T cells recognize fragments
o� f antigens bound to molecules of the major histocom-
p� atibility complex (MHC) on antigen-presenting cells
(APC), whereas B cells recognize the conformation-de-
p� endent antigenic structure. MHC comprises two types;
c� lass I and class II, which stimulate cytotoxic T lym-
p� hocytes (CTL) and T helper (Th) cells, respectively.
Fragments generated in the cytosol of APC bind to
c� lass I molecules, while extracellular proteins endocy-
t

�
osed into the cytosol are processed and generally

p� resented by MHC class II molecules to CD4-positive
(CD4+� )

�
 Th cells, exerting immuno-regulatory activities

u
 pon activation.
T

�
 cells, but not B cells, have been shown to play

a	  predominant role in the pathogenesis of EAU12, 23, 77.
T cell-deficient mice, nu/nu or scid, are resistant to
EAU development. Moreover, adoptive transfer of
C

�
D4+�  T cells from mice primed with uveitogenic anti-

g� ens or T cell clones specific for these antigens into
n� aïve recipients induce the development of EAU, sug

�
-

gesting that CD4� + T cells are critical for disease devel-
o� pment. Antigen-specific CD4+�  T cells producing IFN-γ


(type I (Th1) cells) play a critical role in disease devel-
o� pment122, whereas those producing IL-4/IL-10 (Th2
c� ells) function in an antagonistic fashion5

 
8, 92, as dem-

o� nstrated in adoptive transfer experiments. Thus, the
EAU model represents Th1-mediated organ-specific
a	 utoimmune diseases, which also include experimental
a	 utoimmune encephalomyelitis (EAE)7

!
 and the non-

o� bese diabetic mouse model of type I diabetes6
"
3.

Type I interferons (IFNs) have been identified as
v# irus-induced factors by virtue of their anti-viral activ-
ity and are classified into two groups by their physical
p� roperties, IFN-α and IFN-β4

$
9, 95. The IFN-α/

�
β-induced

b
%
eneficial effects in some organ-specific autoimmune

d
�
iseases and tumors can be explained at least in part by

t
�
he immuno-modulatory action of type I IFNs6

"
, 110. Al-

t
�
hough the precise mechanisms of IFN-mediated im-

mune modulation remain largely unknown, they may
involve activation of the innate as well as the adaptive
immune systems. For example, IFN-α/

�
β induce activa-

t
�
ion of natural killer (NK) cells and maturation and/or

survival of dendritic cells (DCs)6
"

4: these cells, together
w& ith macrophages, constitute the innate immunity.

The cells in the innate immune system display
a	  rapid response upon antigen exposure and have a re-
stricted number of receptors, called pattern recognition
r' eceptors (PRRs)1, 69. These receptors, genetically pre-
d

�
etermined, recognize highly conserved structures (pa-

t
�
hogen-associated molecular patterns, PAMPS) present

in a variety of micro-organisms. The recognition of the

P
(

AMPS in mammals is mediated by Toll-like receptors
(TLRs) expressed on APC such as DCs. The DCs are
located everywhere in the body, and recognize certain
i

�
nvariant features, such as lipopolysaccharide (LPS),

p� eptidoglycan, and CpG-rich DNA by the TLRs1, trig-
g� ering the production of cytokines, including type
I

)
 IFNs. The activated DCs up-regulate MHC class

I/class II and co-stimulatory molecules (CD80, CD86,
a	 nd/or CD40) and, consequently, confer immunoge-
n� icity through delivery of the signals to T/B cells. Thus,
t

�
he innate immune responses represent an efficient sys-

t
�
em, probably through the following processes:
1) removal of the pathogens, accompanied by recogni-
t

�
ion of the characteristics of the pathogens, and
2

*
) transfer of the pathogen information to the adaptive

i
�
mmune system.

The T and B lymphocytes bear a diverse set of re-
c� eptors for antigen, which are generated randomly dur-
i

�
ng lymphocyte development. The lymphocytes bearing

p� ossibly useful receptors (specific for a foreign
a	 ntigen) are positively selected through clonal expan-
sion, whereas those reactive with self-antigens are
d

�
eleted or aborted7

!
6. If harmful lymphocytes with

p� otential auto-reactivity were not deleted during devel-
o� pment, they could play some role in the initiation of
a	 utoimmune diseases. The beneficial lymphocytes pro-
l

+
iferate and differentiate into effector cells upon en-

c� ounter with environmental antigens (in the context of
MHC in case of T cells; adaptive immune systems).
Since lymphocytes specific for an antigen are present
i

�
n rather small number, they have to proliferate for

e� fficient removal of the antigen. Although most of the
l

+
ymphocytes are destined to die after removing anti-

g� ens, a proportion of them survive, which enables them
t

�
o proliferate and differentiate more rapidly upon re-en-

c� ounter with the specific antigen (memory).
C

�
onsidering the possible implication of viral infec-

t
�
ion in the pathogenesis of Behcet’s disease and the

a	 nti-viral capacity of IFN-α, TSAMBAOS et al.122 used
IFN-α to treat patients with Behcet’ s syndrome.
A clinical trial of type I IFNs has demonstrated some
b

%
enefits in certain patients with possible autoimmune-

-mediated inflammatory diseases including Behcet’s
d

�
isease, multiple sclerosis (MS), and inflammatory

b
%
owel diseases6

"
, suggesting that IFNs have some im-

munomodulatory activities110. In addition, type I IFNs
have anti-proliferative effects and have been used as
t

�
herapies in some tumors, such as hairy cell leukemia,

c� hronic myelogenous leukemia, myeloma, and squa-
mous carcinoma43, 46. In this article, we explore the
p� athogenesis of EAU as a model of organ-specific
a	 utoimmune diseases and elucidate the possible immu-
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n� omodulatory action of IFNs against organ-specific
a	 utoimmune diseases, including EAU.

Pathogenesis of EAU

S
,

elf-tolerance versus autoimmunity

The animal model of EAU has contributed greatly
t

�
o the understanding of human uveitis, and autoimmune

responses are somehow related to the initiation and/or
p� rogression of human uveitis. Since autoimmune re-
sponses are induced by a break-down of self tolerance,
it is critical to understand how self tolerance is induced
a	 nd maintained. The thymus plays a central role in the
a	 cquisition of self-tolerance (central tolerance or nega-
t

�
ive selection) through the interaction of thymic APCs

w& ith lymphocytes possibly having higher avidity to self
a	 ntigens, resulting in the deletion of autoreactive lym-
p� hocytes7

!
6. Conversely, lymphocytes with intermediate

a	 vidity to self antigens escape the selection in the thy-
m- us and migrate to peripheral tissues (positive selec-
t

�
ion), resulting in the formation of a T lymphocyte
repertoire with different specificities to foreign anti-
g� ens. For antigens derived from tissues (e.g. eye, brain,
a	 nd testis) sequestered from the immune system, nega-
t

�
ive selection is thought to be incomplete because the

i
�
mmune system may not encounter these self antigens.

However, a certain amount of uveitogenic antigens are
reportedly expressed in the thymus27 and pineal gland6

"
7.

I
)
t is possible that APCs fail to take up sufficient

a	 mounts of the autoantigens to trigger negative selec-
t

�
ion in the thymus, since lymphocytes (T and B) reac-
t

�
ing with self antigens are found in normal circumstan-

c� es in the peripheral lymphoid tissues. The observation
t

�
hat transgenic expression of uveitogenic antigen en-

h
.
ances self tolerance also suggests that sequestration

c� ontributes to immune privilege123. Thus, potential
u
 veitogenic Th1 cells might escape the selection and
migrate to peripheral lymphoid organs. Indeed, these
p� otential auto reactive lymphocytes are subsequently
silenced in the peripheral organs (peripheral tolerance),
p� robably through mechanisms such as the induction of
a	 nergy (functional paralysis), ignorance (failure to re-
c� eive signals from APCs, resulting in cell death), and
regulatory cells (active suppression of the possible auto-
reactive cells)9

/
7. Thus, peripheral tolerance as well as

sequestration of uveitogenic antigens from immuno-com-
p� etent lymphocytes might compensate for the incom-
p� lete central tolerance.

W
0

hat is the initial step in the activation of uvei-
t

�
ogenic T cells? It is reasonable to assume that an event

such as trauma triggers the release of retinal antigens
into the circulation, leading to activation of immune
responses, since penetrative damage to one eye results
i

�
n transient attack on the contralateral eye in sympath-

e� tic ophthalmia5
 

0. The initial triggering of autoimmune
responses may also be explained by the hypothesis that
some pathogens (virus and bacteria) share the same
T cell determinants with the host (molecular mimicry).
Pathogen-specific T cells or infection may cause tissue
d

�
amage resulting in the release of antigens. These anti-

g� ens reach regional lymph nodes or the spleen, where
t

�
he innate immunity is activated, further enhancing the

a	 utoimmune responses. For example, the cross-reaction
b

%
etween papilloma virus with brain antigens (myelin

b
%
asic proteins) underlies encephalomyelitis in some pa-

t
�
ients with MS114.

The activation of uveitogenic T cells may result in
t

�
he breakdown of intrinsic protective mechanisms

(anterior chamber-associated immune deviation, ACAID)
t

�
hat guard against unfavorable inflammatory respon-

ses9
/

8, 121. Intraocular APCs and soluble factors in the
a	 nterior chamber of the eye play a critical role in main-
t

�
aining ACAID. For example, in contrast to conven-

t
�
ional APCs, transforming growth factor (TGF)-β2-trea	 ted

i
�
ntraocular APCs produce large amounts of mature

TGF-β and diminished levels of IL-12. Consequently,
i

�
n the presence of antigen, these APCs stimulate naïve

�

T cells to generate substantial amounts of IL-4 and little
IFN-γ
 , resulting in an anti-inflammatory condition101, 103.
In addition to TGF-β2, the soluble factors include α me-
l

+
anocyte-stimulating hormone (α-MSH), vasoactive in-
t

�
estinal peptide (VIP), calcitonin gene-related peptide

(CGRP), macrophage migration inhibitory factor
(MIF), and IL-1 receptor antagonist2

�
, 20, 108. Moreover,

o� cular parenchymal cells expressing Fas-ligand (CD95-L)
a	 re considered to confer protection against possible in-
v# asion by activated CD95+�  T cells through inducing
a	 poptosis45.

Th1 mediates EAU, while Th2 blocks it

C
�

D4+ T cells play a critical role in the development
o� f EAU. Indeed, oligoclonal expansion of CD4+�  T cells
is found in the inflammed sites in patients with Beh-
c� et’s disease24, 32. IRBP-specific T cell lines capable of
inducing EAU predominantly express Vβ8.3 gene pro-
d

�
ucts26. CD4+ T cells are classified into two types by

t
�
he pattern of cytokine production: Th1 cells produce

I
)
FN-γ
 , and Th2 cells produce IL-4, IL-5, and IL-107

!
1.

The IFN-γ
  produced by Th1 cells promotes further am-
p� lification of Th1 cells, while it prevents Th2 develop-
ment. On the other hand, IL-4 promotes the develop-

J
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m- ent of the Th2 phenotype and inhibits the Th1 pheno-
t

�
ype. Adoptive transfer experiments have proved that

t
�
he CD4+ cells with uveitogenic potential belong to the

T
�

h1 phenotype7
!

7. The observations that transgenic ex-
p� ression of IFN-γ
  in rat retina following gene-mediated
t

�
ransfer accelerates the onset and exacerbates the se-

v# erity of EAU2
�

8, 39 further support the notion that Th1
c� ells are critical for disease progression. Consistent
w& ith these findings, peripheral Th1 cells are significant-
l

+
y increased in patients with Behcet’s disease3

�
7. In con-

t
�
rast, the Th2 cytokine IL-10 ameliorates IRBP-induced

EAU and even prevents this EAU when combined with
I

)
L-49

/
0. IL-10-deficient mice are more susceptible to

EAU development. Kinetic study has demonstrated
a	  predominant Th1-like responses in the draining
l

+
ymph nodes of IRBP-immunized mice during the early

p� hase, followed by Th2-type responses in the spleen
d

�
uring the resolution phase104.

I
)
n addition to cytokines, the co-stimulatory mole-

c� ules B7-1 (CD80) and B7-2 (CD86) expressed on
A

2
PCs participate in some organ-specific autoimmune

d
�
iseases by activating the development of Th1 and Th2

responses, respectively6
"

2. For example, IRBP-induced
EAU development is prevented by anti-CD80 monoclo-
n� al antibody (mAb) pretreatment, whereas this EAU is
substantially augmented by anti-CD86 mAb3

�
8.

T
�

ogether, the balance between Th1 and Th2 appears to
b

%
e critical for the development of EAU.

Th1 cytokine might exhibit different effects 
d

3
epending on the cytokine milieu

Several investigators have pointed out that systemic
a	 dministration of the pro-inflammatory cytokine IFN-γ


a	 ttenuates, and injection of IFN-γ
 -neutralizing mAb
e� xacerbates Th1-mediated autoimmune diseases8, 13 in-
c� luding EAU. IFN-γ
 -deficient mice are also susceptible
t

�
o development of both EAU and EAE with severity

c� omparable to the wild types3
�

1, 53, suggesting the redun-
d

�
ancy of this cytokine in the induction of autoimmune

responses. Interestingly, the inflammed eyes from IFN-γ
 -
-deficient mice display an allergic-like response in
t

�
erms of inflammatory cell types and cytokine profile;

infiltration of granulocytes and IL-5- and IL-6-produc-
i

�
ng cells, and elevated levels of IL-5, IL-6 and IL-10,

w& ith unaltered TNF-α5
 

3. Conversely, the Th2 cytokine
IL-4 exacerbates Th1-mediated EAU in rats88 and
c� olitis in mice3

�
5. Although the mechanisms underlying

t
�
hese apparently contradictory results remain unre-

solved, several factors may be assumed to contribute to
t

�
he distinct phenomena; 1) genetic background of the
a	 nimal model, 2) systemic versus local administration

o� f cytokines, and 3) dose and duration of the cytokine
u
 sed. Activation and/or differentiation of T cells depend
o� n the activation stage and/or subset of APCs, especially
D

4
Cs, which constitute the innate immune system.

Role of innate immunity in EAU development

The innate immune system, comprising NK, phago-
c� ytic (macrophage, neutrophil), and DCs, displays rapid
r' esponses upon antigen exposure. DCs (professional
APCs) are located in most tissues and have a prominent
c� apacity to stimulate T and B cells6

"
4, 89. Immature DCs

f
5
irst take up and process antigens and differentiate into

mature DCs within a few days. The mature DCs then
stimulate T cells. Infiltration of DCs into the lesion is
f

5
ound during EAU development in mouse and rat mod-

e� ls4
$

8, 51, suggesting a role of DCs in presenting potential
u
 veitogenic antigens to T cells. Two distinct types of
D

4
C precursors, myeloid monocyte type (pre-DC1) and

lymphoid type (pre-DC2)6
"

4, 87, have been proposed as
d

�
ifferentially influencing the balance of Th1/Th2 acti-

v# ation, although current data vary depending on animal
species or maturation, isolation procedure, and tissue
microenvironmental factors. These observations may
r' eflect the functional plasticity of DCs depending on
t

�
he context of their activation versus pathogen/tissues.

I
)
nterestingly, myeloid DCs (CD8–C

�
D11c+)

�
 appear at

t
�
he time of disease onset and are required during IRBP-
-induced EAU in B10 mice5

 
1. These DCs may have

some potential role in the induction or amplification of
E

6
AU development.

IL-12 secreted from DCs may represent a signal
l

+
eading to Th1 differentiation of autoreactive T cells in
several Th1-mediated autoimmune models, including
EAU2

�
1, 94, 106, 124. Genetic deletion of IL-12-p40 pro-

d
�
ucts by gene-targeting106 or neutralization of IL-12 by

m- Ab124 attenuates the induction of uveitis in mice foll-
o� wing IRBP stimulation. The diminished EAU-induc-
i

�
ng capacity of the IRBP-primed lymphocytes from

w& ild-type mice upon transfer to IL-12-deficient mice
suggests that IL-12 also functions in the efferent loop
o� f EAU development. Although IL-12 and IL-18 in
c� ombination promote IFN-γ
  production, resulting in
N

7
K activation7

!
3, the role of IL-18 in EAU development

r' emains obscure5
 

2.
In contrast to the pro-inflammatory features de-

scribed above, administration of recombinant IL-12
a	 meliorates EAU induction, accompanied by high
serum levels of IFN-γ
  and enhanced apoptosis in the
d

�
raining lymph node107. The elevated IFN-γ
  level acti-

v# ates iNOS, resulting in NO production, followed by
d

�
own-regulation of the anti-apoptotic protein Bcl-2. It
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m- ay also be possible that IFN-γ
  up-regulates the death-induc-
ing systems, CD95-L/CD955

 
6, TNF-related apoptosis-inducing

ligand (TRAIL)/TRAIL-receptors (TRAIL-Rs)44, a	 nd/ /or TNF-like
w& eak inducer of apoptosis (TWEAK)/DR-37

!
4. In summary,

IL-12 appears to mediate a variety of effects on the pathogen-
e� sis of Th1-mediated EAU, depending on the phase of the
i

�
mmune response and the cell subset with which they react.

Participation of chemokines in the recruitment 
o8 f inflammatory cells into the eye

Following the initiation of specific immune respon-
ses against uveitogenic antigens in local regional lymph
nodes, recruitment of non-specific inflammatory cells
i

�
nto the eyes is required for the development of EAU86.

C
�

ell migration involves chemokines, which are classi-
fied into two categories in terms of their physiologic
features; homeostatic (necessary for the maintenance of
p� hysiologic traffic) and inducible chemokines7

!
0. The

inducible chemokines are substantially up-regulated
u
 pon inflammatory stimulation in a variety of cells and
l

+
ikely participate in the development of inflammatory

d
�
iseases, including autoimmune diseases4

$
0. Chemo-

kines such as monocyte chemoattractant protein
1 (MCP-1), regulated on activation and normal T cell
e� xpressed and secreted (RANTES), and macrophage
i

�
nflammatory protein 1 (MIP-1) α/

�
β are expressed in

t
�
he eye during EAU development, with MIP-1α already

d
�
etected before clinical disease onset18, 117. Mice with

IRBP-induced ACAID are protected from EAU, ac-
c� ompanied by diminished expressions of RANTES and
MCP-1 mRNA (TAKEUCHI and USUI et al., submitted
f

5
or publication). The participation of adhesion mole-

c� ules and chemokines is further demonstrated by the
b

%
lockade of EAU by mAbs to intercellular adhesion

molecule-1 (CD54; ICAM-1 on epithelial cells), leuko-
c� yte function-associated antigen-1 (CD11a/CD18; LFA-1
o� n lymphocytes)113, 120, and macrophage MIF5

 
9. Treat-

m- ent with pertussis toxin inhibits functional coupling
o� f the receptor to  Gi protein and ameliorates EAU
d

�
evelopment, probably through preventing migration of

e� ffector cells into the eye lesion9
/
9.

Effector mechanisms in EAU development

C
�

D4+�  T cells play a crucial role in tissue damage
in Th1-mediated organ-specific autoimmune dis-
e� ases118. Tissue damage is mediated in part through
a	 poptotic cell death. Apoptotic cell death is regulated
b

%
y at least two components; members of the TNF re-

c� eptor family (CD95, TRAIL-Rs, and DR-3/TRAMP)
a	 ctivate caspase-8, and members of the Bcl-2 family

r' egulate the release of cytochrome c from mitochondria
t

�
o activate caspase-3. Apoptosis has been demonstrated

in the uveitic eyes of patients with Behcet’s disease16

a	 nd rats with S-Ag-induced EAU100, which appears to
involve the CD95-L/CD95 pathway. Mice homozygous
for the mutant genes l

9
pr and g: ld are deficient in func-

t
�
ional CD95 and CD95-L, respectively, and sponta-

neously develop progressive autoimmune symptoms.
Interestingly, these mice are resistant to induction of
E

6
AE118 and EAU116. CD95-L on immuno-compentent

c� ells and CD95 on target tissues are necessary for the
d

�
evelopment of EAU. Moreover, the CD95-inde-

p� endent pathway is also suggested to be involved in the
t

�
issue damage of EAE25. The classical pro-inflamma-

t
�
ory pathway, characterized by secretion of the inflam-

m- atory cytokines TNF-α, IL-1, and NO, is activated in
macrophages, resulting in development of EAU3

�
4, 109.

C
�

onversely, apoptosis may also limit the damage
c� aused by autoimmune responses. Expression of CD95-L
in the anterior chamber of the eye is thought to contrib-
u
 te to the maintenance of the immune-privileged status
t

�
hrough inducing apoptosis of possible invading CD95+

lymphocytes4
$
5. CD95-L expressed on host cells is re-

q; uired for remission of EAE116.

Resolution of EAU

The clinical course of EAU is monophasic, charac-
t

�
erized by activation and then down-modulation of

a	 utoimmune responses. Determinant spreading may
r' epresent the mechanism underlying the resolution of
EAU, although other mechanisms may also be in-
v# olved. Determinant spreading refers to the notion that
immune responses initiated from a single determinant
e� xpand to other determinants. Immunization with a cer-
t

�
ain portion of IRBP causes diseases with the dominant

T
�

h1 responses, whereas immunization with other por-
t

�
ions prevents diseases accompanied by Th2 respon-

ses5
 

8, 102, suggesting that T cells reactive to spreading
d

�
eterminants may either protect or provoke diseases

d
�
epending on the background cytokine profile. Based

o� n the finding that the course of EAU is monophasic,
i

�
t may be possible to assume that determinant spreading

t
�
o Th2 polarization contributes to the resolution of the

d
�
isease. Indeed, KE

<
INO et al.5

 
7 have reported clonal ex-

p� ansion of p518-529-reactive Th2-like cells in the
u
 veitic eyes during the late resolution stage of EAU.

Action of Type I IFN

IFNs have immuno-modulatory effects in vitro and
in vivo, which might in part account for the IFN-medi-

J
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a	 ted amelioration of some autoimmune diseases such
a	 s Behcet’s diseases and MS. The immuno-modulatory
e� ffects likely involve an intricate balance among the Th
subsets (Th1, Th2, and T regulatory cells)110, activation
o� f DC or NK cells, and migration of inflammatory
c� ells9

/
. Since cell proliferation is required for immune

r' esponses, the anti-proliferative as well as pro-apoptotic
e� ffects of IFNs3

�
0, 44, 83, 105 may be somehow implicated

in the IFN-mediated improvement in patients with Beh-
c� et’s diseases. For example, IFN-α induces TRAIL ex-
p� ression in monocytes, resulting in a limitation of im-
mune responses through the induction of apoptosis3

�
0, 44.

T
�

he blockade of virus replication by IFNs4
$
 may also be

b
%
eneficial for diseases involving virus-triggered auto-

i
�
mmune responses.

T
�

ype I IFNs appear to favor Th1 differentiation as
w& ell as Th1-type responses2

�
2, 84. For example, priming

o� f human neonatal CD4+ T cells with IFN-α plus anti-
-CD3 mAb promotes Th1 development through increas-
ing both IFN-γ
  and IL-10 and impairing IL-4 produc-
t

�
ion, although IFN-α alone is not sufficient to induce

t
�
he differentiation. The expression of IL-12R (β2

*
), con-

sisting of β1 and β2 chains, is also up-regulated by
IFNs in human T cell lines42. Moreover, IFNs elicit
I

)
L-15 mRNA in DCs9

/
1, 125, and IL-15 synergizes with

IL-12 for IFN-γ
  production3
�
, favoring development of

t
�
he Th1 phenotype.

DC precursor 2 exposed to virus produces a large
a	 mount of IFNs15 that function as survival and matura-
t

�
ion factors6

"
5, 66. The virus-activated mature DCs stimu-

l
+
ate naïve CD4

� +�  cells to produce IFN-γ
  and IL-10, while
IL-3-induced DCs produce the Th2-type cytokines IL-4
a	 nd IL-105

 
4, suggesting that DCs play a critical role in

linking innate and adaptive immunity. Since a T cell
subset that produces IL-10 and IFN-γ
  is found during
some infections41, 93, it is interesting to check whether
t

�
his subset may contribute to uveitogenic antigen-in-

d
�
uced IL-10/IFN-γ
  production during EAU progress-

i
�
on5

 
, 80.
In contrast to the pro-inflammatory properties, re-

c� ent reports suggest that IFNs negatively regulate IL-12
p� roduction by DCs dependently119 or independently6

"
8 of

I
)
L-10. A greater amount of IFNs appears to be required

for the anti-inflammatory effects compared with the
p� ro-inflammatory actions. Although IL-12 is induced
b

%
y APCs during bacterial and parasite infections4

$
7, and

p� romotes NK and Th1 cell IFN-γ
  production, biologi-
c� ally active IL-12 is not induced during viral infections,
i

�
ncluding lymphocyte choriomeningitis virus (LCMV).

Rather, a variety of viruses elicit a large amount of
I

)
FNs with enhanced expansion of CD8+ killer cells17.

Although the CD8+�  IFN-γ
  production is dependent on

I
)
FNs, substitution of IL-12 occurs, leading to IFN-γ


p� roduction in the absence of IFNs, suggesting the plas-
t

�
icity of the cytokine to achieve a similar goal through
d

�
ifferent activation pathways. Thus, IFNs are pleio-

t
�
ropic cytokines with a variety of activities on many
c� ell types, including T cells, DCs, and NK cells.

IFN-α/
=
β-Mediated Amelioration on EAU

C
�

linical trials done on a small scale have provided
e� vidence of some benefits of IFNs in suppressing inflam-
m- ation and reducing recurrence in patients with Th1-med

�
i-

a	 ted uveitis associated with Behcet’ s diease3
�

3, 61, 78.
I

)
FN-α has also been demonstrated to be effective

a	 gainst diseases with other Th1-like and also Th2-like
p� henotypes6

"
. The mechanisms by which IFNs confer

b
%
eneficial effects in a variety of diseases remain unre-

solved. Animal models using rats and mice have con-
t

�
ributed to some extent to the understanding of the ef-

f
5
icacy of IFN-α/

�
β against autoimmune diseases,

i
�
ncluding EAU5

 
5, 79, 80. For example, administration of

IFN-α/
�
β suppresses EAU induced by IRBP in complete

Freund’s adjuvant7
!
9, 80. Lewis rats administered with

I
)
FN-α/

�
β during the afferent phase display decreased

intraocular inflammation after IRBP immunization. On
t

�
he other hand, IFN-α/

�
β provide no protection when

a	 dministered during the efferent phase, suggesting that
IFNs somehow affect the initiation step of EAU devel-
o� pment. In IRBP-stimulated spleen cells, IFN-α medi-
a	 tes inhibition of TNF-α production, but does not alter
t

�
he production of IFN-γ
 , IL-4, and IL-10. In addition to

T
�

h1-/Th2-like cytokines, TNF-α has been shown to be
involved in EAU development7

!
2. There are also many

studies that support the critical involvement of TNF-α
in other autoimmune diseases, including rheumatoid
a	 rthritis6

"
0 and EAE85.

Based on the findings that several types of inflam-
m- atory cells accumulate in intraocular lesion during
EAU development, it is reasonable to assume that the
t

�
ypes and concentrations of cytokines in the retina as

w& ell as in systemic lymphoid organs play a critical role
i

�
n disease progression. The kinetics of IFN-γ
  and also

a	 nti-inflammatory cytokine IL-10 production in in-
t

�
raocular extracts from Lewis rats roughly correlates

w& ith the development of IRBP-induced EAU: it is un-
d

�
etectable before onset of inflammation, markedly

e� levated at peak inflammation, and undetectable again
a	 t resolution81. A similar pattern of IFN-γ
 /

�
IL-10 mRNA

p� roduction is induced by S-Ag5
 
, although the increase

i
�
n IL-10 mRNA is slower than when induced by IRBP.

C
�

oncomitant production of IL-10 in EAU development
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m- ight account for the non-relapsing and non-chronic
feature of the EAU model. IFN-α/

�
β substantially sup-

p� ress production of IFN-γ
 /
�
IL-10 induced by IRBP,

w& hile slightly enhancing the IL-4 level. The consider-
a	 ble down-regulation of the cytokine profile mediated
b

%
y IFN-α/

�
β is not compatible with the slight suppress-

i
�
on of anterior segment intraocular inflammation as ass-

e� ssed by biomicroscope. These findings support the no-
t

�
ion that the cytokine requirement is redundant for the

d
�
evelopment of Th1-mediated autoimmune diseases,

including EAU. In addition to IL-12, several candidates
have been reported to trigger IFN-γ
  production, includ-
i

�
ng IL-18 (IFN-γ
 -inducing factor, IGIF)7

!
3 and the re-

c� ently identified IL-12-like cytokine IL-2382, composed
o� f IL-12-p40 and p19. Alternatively, anterior chamber
i

�
nflammation may be somewhat different from poste-

rior uveitis, and the latter is more sensitive to IFN-α/
�
β

t
�
reatment.

Several investigators have reported the beneficial
e� ffects of oral administration of low-dose IFNs for
a	  variety of diseases including autoimmune-mediated
d

�
iseases19, 111. Long-term (3 consecutive weeks) oral

a	 dministration of IFN-β to Lewis rats inhibited IRBP-
-induced EAU, accompanied by partial inhibition of
I

)
RBP-induced spleen cell proliferation and IFN-γ
  pro-

d
�
uction (SU

>
ZUKI et al., submitted for publication). Oral

f
5
eeding of type I IFNs has also been shown to be ef-

fective against relapsing EAE in mice10, 75. Interesting-
ly, oral administration of MBP and IFN-β suppresses
EAE in a synergistic fashion7

!
5. Since the blood levels

o� f IFN-α/
�
β after oral administration are below the de-

t
�
ection limit29, it is possible that some immuno-regula-

t
�
ory cells generated in mucosal lymph nodes somehow

a	 ffect immune responses in the spleen, as suggested by
t

�
he EAE model11.

In spite of the beneficial effects of IFN-α/
�
β on Th1-

-mediated EAU and MS, clinical reports of side effects
have shown that IFN-α/

�
β have pro-inflammatory acti-

v# ities in vivo; IFN-α/
�
β treatment is linked with the

e� xacerbation or development of several types of auto-
immune diseases, including insulin-dependent diabetes
mellitus (IDDM) and thyroiditis110, 115. Transgenic ex-
p� ression of IFN-α by insulin-producing β cells has
b

%
een shown to cause type I diabetes in mice9

/
6. On the

o� ther hand, hypereosinophilic syndrome and discoid
lupus erythematosus, characterized by Th2 responses,
a	 re ameliorated to some extent by IFN-α/

�
β6

"
, 46. As de-

scribed above, the nature of IFN-α/
�
β as pro-inflamma-

t
�
ory cytokines might counteract Th2-mediated diseases,

a	 lleviating them. At present, it remains largely unre-
solved how IFN-α/

�
β exert beneficial effects on both

Th1- and Th2-mediated autoimmune diseases.

C
�

ytokines appear to stimulate Th1-like or Th2-like
responses, depending on their concentrations, exposure
t

�
ime, and the cytokine milieu. For example, IL-18 com-

b
%
ined with IL-12 induces high IFN-γ
  production (Th1

response) in naïve T cells, whereas IL-18 and IL-2
together induce IL-4 production (Th2 response)

� 73
!

.
Upon exposure to intracellular bacteria (low IFN pro

?
-

d
�
ucer), only a small amount of IFN-α/

�
β is produced,

a	 nd this IFN-α/
�
β in conjunction with IL-12 enhances

I
)
FN-γ
  production by CD4+ and CD8+ cells, promoting

Th1-type responses. In some viral infections where
a	  large amount of IFN-α/

�
β may be produced, high le-

v# els of IFN-α/
�
β inhibit IL-12 production and NK cell

IFN-γ
  production, favoring the Th2-phenotype. Con-
c� urrent amplification of CD8+ T cell responses with the
h

.
elp of IL-15 contributes to resistance to viral infection.

Thus, the IFN-mediated beneficial effects on organ-spe-
c� ific diseases may be dependent on the context of cy-
t

�
okine combination and/or their concentrations.

Conclusions and Perspectives

Human uveitis such as Behcet’s disease is thought
t

�
o involve Th1-mediated immune responses for the in-

itiation and/or progression of the disease, although we
d

�
o not have enough data to prove it. The animal EAU

m- odel has contributed in part to the understanding of
t

�
he pathogenesis of the human uveitis. CD4+�  Th1 cells

p� lay a critical role in the initiation and/or progression
o� f EAU. Recently, the innate immune system, including
DCs, has been demonstrated to play a central role in
t

�
he initiation of autoimmune responses by capturing

a	 ntigen, processing it, and delivering the pathogen in-
formation to lymphocytes in the adaptive immune sys-
t

�
em. It is interesting how DC activation or IL-12 acti-

v# ates the uveitogenic CD4+�  Th1 cells. Type I IFNs
have some beneficial effects on organ-specific autoim-
m- une diseases, including EAE and EAU, although the
mechanisms underlying the IFN-α/

�
β-mediated effects

remain obscure. Assuming that autoimmune processes
a	 re somehow implicated in the progression of Behcet’s
d

�
isease, several explanations may be proposed: 1) IFNs

shift the balance of Th1-/Th2-phenotype at the level of
D

4
Cs or T cells; 2) IFNs interfere with the up-regulation

o� f chemokines and/or adhesion molecules, resulting in
d

�
iminished recruitment of inflammatory cells into the

lesion; 3) IFNs limit the clonal expansion of the T cells
specific for autoantigens in autoimmune diseases, in-
c� luding EAU, probably through their anti-proliferative
e� ffects; or 4) IFN-α/

�
β-mediated anti-viral effects in-

hibit the initial and/or amplification processes by which

J
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a	 utoimmune diseases, including EAU, are exacerbated.
Although much has to be done to verify these possi-
b

%
ilities an understanding of IFN actions would hope-

f
5
ully open the way to a novel strategy for the IFN-α/

�
β-

-mediated treatment modality, with great benefits to
p� atients with autoimmune diseases such as Behcet’s
d

�
iseases and MS.
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