
New perspectives on effector mechanisms in uveitis

Dror Luger and Rachel R. Caspi
Laboratory of Immunology, National Eye Institute, National Institutes of Health, 10 Center Drive,
Building 10, Room 10N222, Bethesda, MD 20892, USA, e-mail: rcaspi@helix.nih.gov

Abstract
Experimental autoimmune uveitis (EAU) in its several variants represents human autoimmune uveitis
and has been instrumental in obtaining insights into the basic mechanisms of disease. Studies have
uncovered that in addition to CD4+ Th1 cells, uveitis can be induced also by CD8+ T cells. Antibodies
may have a secondary role after the blood–retinal barrier has been broken. The role in uveitis of a
recently discovered IL-17-producing effector T cell type, Th17, is being intensively studied. Th17
cells elicit EAU, can be found in uveitic eyes along with Th1 cells, and are dominant in some types
of EAU. In other types of EAU, Th1 cells have a dominant role. The dominant effector type is at
least in part determined by conditions under which initial exposure to self-antigen occurs. These
findings shed light on the heterogeneity of human disease and may ultimately help to develop better
and more rational treatment strategies for human uveitis.
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Introduction
Experimental autoimmune uveitis in animals serves as a model of human autoimmune uveitis.
Experimental auto-immune uveitis (EAU) can be induced in a variety of rodents and in
primates, but the most useful for basic studies is of course the mouse, and consequently, it is
the only species that will be discussed here. Although EAU is traditionally induced by
immunization with a retinal antigen (Ag) such as interphotoreceptor retinoid-binding protein
(IRBP) in complete Freund’s adjuvant (CFA), the disease can also be induced in unimmunized
recipients by infusion of activated lymphocytes, cultured from immunized donors [1]. More
recently, yet another variant of EAU was described, elicited by infusion of Flt3L-mobilized
splenic dendritic cells (DC), matured in vitro with bacterial endotoxin (LPS) and anti-CD40
antibody, and pulsed with Ag [2]. Although no animal model covers the full spectrum of human
disease, each of these variants has unique characteristics that may make it appropriate to model
specific aspects of human uveitis, and each has contributed to dissecting basic mechanisms of
disease.

A special variant of EAU is the transgenic model, where mice are made to express neo-self-
Ags in the retina, and disease is induced by immunization with the neo-Ag in CFA or by
infusion of activated T cells expressing the specific receptor for this Ag. Another special case
is the “humanized” EAU model in human leukocyte antigen (HLA)-transgenic mice. These
mice develop EAU with retinal arrestin (retinal soluble Ag, S-Ag) much more readily than
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their wild-type (WT) parental strains. In both these cases, although the target Ags differ, the
mechanisms are similar to EAU induced with IRBP or its fragments.

Although it is not known whether the same retinal Ags that elicit EAU in animals are involved
in human uveitis, it is believed that the underlying basic mechanisms are shared. This is
supported by demonstration of responses to retinal Ags in human uveitis patients at the level
of T cells as well as antibodies and by the fact that therapeutic modalities that have been
successful in modulating EAU often were effective clinically. Examples of such therapies are
cyclosporin and other macrolides (now clinically approved therapies) as well as oral tolerance
and interleukin (IL)-2 receptor targeting [3].

Ag-specific effector T cells as inducers and orchestrators of EAU pathology
EAU is a T cell-dependent disease. Studies in the 1990s with long-term Ag-specific T cell lines
that were able to induce EAU upon infusion to otherwise unmanipulated recipients led to
identification of the autopathogenic effector T cells as CD4+, interferon (IFN)-γ-producing
Th1 type cells [4,5]. IL-4-producing Th2 type cells were believed to be protective, by virtue
of being counter-regulatory to Th1. This simplistic view has since been modified and expanded.
Firstly, Th2 cells were also shown to have the ability to induce uveitis, provided that one used
immunodeficient hosts [6]. Secondly, CD8+ cells, initially thought to be suppressive rather
than pathogenic in EAU, based on their role in eye-derived tolerance and on the fact that their
depletion did not affect EAU development, were demonstrated to also be able to induce retinal
pathology [7,8]. However, tissue damage was mild compared to that induced by CD4+ T cells.

Experiments in mice and in rats demonstrated that a surprisingly small number of Ag-specific
CD4+ T cells are actually needed to induce EAU [9,10]. Calculating from the number of cells
that can be visualized in the retina of mice or rats adoptively transferred with a known number
of (labeled) uveitogenic T cells and the minimal number of such cells required to induce
disease, 10–15 Ag-specific pathogenic T cells are needed to jumpstart the EAU process. This
calls for tremendous amplification of effector mechanisms, which are provided by recruitment
of leukocytes from the circulation. It seems that each type of Ag-nonspecific recruited cells
has a role in pathogenesis, as depletion of individual cell types inhibits disease. Thus, depletion
of granulocytes (though not of eosinophils alone) prevented development of EAU [11], as did
depletion of macrophages [12]. This indicates that both these innate inflammatory effector cells
are needed for pathogenesis, and they cannot substitute for each other in the process of
inflammation. It is interesting to note that athymic recipients transferred with a uveitogenic T
cell line have a reduced ability to develop EAU, suggesting that recruitable non-Ag-specific
T cells are also part of the inflammatory amplification and/or effector mechanisms [13].

The role of serum antibodies in EAU was for a long time unclear. Immunization with a retinal
Ag to induce uveitis invariably results in production of serum antibodies; however, whereas
the transfer of immune T cells induces full-blown EAU, the transfer of hyperimmune serum
into healthy recipients fails to result in disease. We found that uveitogenic T cells and antibodies
synergize to elicit pathology. If antibodies are injected together with a suboptimal number of
pathogenic T cells that by itself is insufficient to induce significant EAU, severe pathology can
result [14]. Thus, although antibodies are unable to enter into the healthy eye, once the blood–
retinal barrier is disrupted by the T cells, antibodies provide a disease-amplifying mechanism.

Most recently, a new Ag-specific autopathogenic effector T cell subset has been recognized,
known as Th17, after its characteristic cytokine product, IL-17. This “new kid on the block”
has over the past few years taken the scientific stage by storm and has replaced the Th1 in the
thinking of many researchers as the major culprit in autoimmune tissue damage. The following
paragraphs will be largely devoted to dissecting and placing in context the information that has
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accumulated thus far on this new effector phenotype, so as to gain perspective on its role in
uveitis and in cell-mediated autoimmunity in general.

IL-12 and IL-23 as master regulators of effector T cell responses
Since its discovery in 1989, IL-12, a heterodimeric cytokine composed of the subunits p40 and
p35, was known as the signature cytokine produced by the innate immune cells that influences
the effector responses of innate and adaptive cell mediated immunity. IL-12 was established
as the major cytokine promoting commitment of naïve CD4 cells into the Th1 effector pathway,
as well as a potent stimulator of IFN-γ production from natural killer (NK) and CD8 T cells.
For over a decade, IL-12, through the Th1 effector response, was also implicated as a major
player in the development of various autoimmune diseases.

However, during the late 1990s, studies on the role of IL-12 in a variety of cell-mediated
autoimmunity models, including EAU, revealed contradictory results of anti-inflammatory
effects. An example is resistance to EAU in the IL-12p40 knockout (KO) mice and in mice
treated with anti-IL-12p40 antibodies [15]. Likewise, whereas paradoxically, in vivo
administration of recombinant IL-12 inhibited EAU development [16]. These contradictory
results, and the realization that related heterodimeric cytokines could share different
combinations of their component chains, led to the discovery of IL-23.

IL-23 is a new member of the IL-12 family that shares with IL-12 the p40 subunit and uses the
IL-12 receptor subunit IL-12Rβ1, whereas instead of the p35 subunit, it has a p19 subunit and
a unique IL-23 receptor subunit.

Studies with IL-23p19 KO mice and anti-p19 antibodies allowed to dissect the separate roles
of these two IL-12p40-containing cytokines. These studies revealed that pathogenesis of
autoimmune models such as experimental autoimmune encephalomyelitis (EAE) [17,18] and
collagen-induced arthritis (CIA) [19] is dependent on IL-23 and not on IL-12. We recently also
demonstrated that a similar situation exists in EAU [20].

The pathogenic role of IL-23 in autoimmune disease models is mediated through a newly
discovered subtype of CD4 T helper cells that is distinct from the hitherto known effector
phenotypes Th1 or Th2. This new subset of Th cells is characterized by a distinct set of
cytokines that include IL-17A, IL-17F, IL-22, IL-6, and tumor necrosis factor (TNF) and by a
lineage-specific transcription factor, RORγt (Fig. 1). They were named Th17, after their
hallmark effector cytokine. It was suggested that IL-23 has a tissue-specific function in fighting
inflammation and in the development of autoimmune diseases. This contention is based mainly
on the role of IL-23 in supporting the Th17 lineage and on the finding that IL-17 receptors are
expressed on peripheral tissues and not on immune cells [21], as well as on the ability of IL-17
to induce antimicrobial peptides from keratinocytes [22].

In human disease, IL-23 was found to be associated with arthritis [23]. A correlation between
IL-23 and ocular disease was identified in uveitis associated with Vogt–Koyanagi–Harada
(VKH) disease [24] and in Behcet’s disease [25]. In both of these diseases, patients with active
uveitis exhibited higher IL-23 levels in the serum and in activated peripheral blood
mononuclear cells (PBMCs) in comparison to patients with inactive uveitis or to normal
controls. The causal relationship in humans is difficult to establish. However, in the animal
model of EAU, the role of IL-23 is necessary and nonredundant for disease pathogenesis, in
that IL-23 KO mice are resistant to EAU, and mice treated with specific anti-IL-23p19
antibodies develop a strongly attenuated disease [20]. The need for IL-23 can be explained at
least in part by its involvement in promoting the Th17 effector response; however, this may
not be its only role in EAU. Notably, neutralization of IL-23 could prevent disease development
only if administered at the innate phase starting at disease induction, whereas neutralizing IL-23
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at the effector phase (starting day 7 postimmunization) had no effect on EAU development.
This may suggest that IL-23 is essential for the generation of the uveitogenic effector cells
mainly during the early phase, possibly even before commitment to the Th17 phenotype, but
once the effector T cells were already generated, they were no longer strictly dependent on
IL-23.

In contrast to IL-23, IL-12 can be a suppressive element in the development of autoimmune
diseases. In other autoimmune disease models, IL-12p35 KO mice had increased susceptibility
to the development of EAE [19,26] and CIA [19]. This also proved to be true in EAU. The
suppressive role of IL-12 could be due to its ability to induce high levels of IFN-γ, which at
high systemic levels has a suppressive role in EAU and in many other autoimmune diseases.
This was demonstrated by using IFN-γ KO and IFN-γ receptor KO mice, as well as by the
treatment of mice with neutralizing anti-IFN-γ antibodies [27–31] and in mice lacking the
major IFN-γ transcription factor STAT1 [32]. We reported [16] that in vivo administration of
rIL-12 prevented the development of EAU through an IFN-γ-dependent effect. Notably, the
inhibitory effect occurred only when IL-12 was given during the induction phase (0 to 4 days
postimmunization but not later), when IFN-γ production is mainly by innate cells, including
NK and NKT cells, and Th1 cells had not yet been generated. In line with that finding, mice
deficient in STAT4 or T-bet transcription factors, which are downstream of IL-12 signaling,
were resistant to EAE [32,33]. These findings suggest that the role of IL-12 in induction of
IFN-γ and autoimmune suppression may be separate from its role in generating pathogenic
Th1 cells. However, since IL-23 signaling is mediated through several STATs including
STAT4 [34], resistance to EAE development in the absence of STAT4 may also be due in part
to inhibition of IL-23 signaling.

Th17 vs. Th1 in autoimmunity
Until the discovery of the IL-23/Th17 effector pathway, the IL-12/Th1 effector response was
considered as responsible for the pathology seen in EAU and other cell-mediated autoimmune
disease models. Th2 was felt to be counter-regulatory, although Th2 cells by themselves are
also able to induce pathology in an immunologically compromised host [5,6]. However, as
discussed above, questions arose as to the role of Th1 when both IL-12 and IFN-γ had shown
a suppressive role in the development of various autoimmune diseases including EAU. A better
explanation was provided by the discovery of IL-23 and as a result the Th17 effector subtype.

Th17 cells: pathogenic effectors in autoimmunity
Th17 cells have been shown to represent a distinct lineage from Th1 and Th2. Although the
Th17 effector phenotype was discovered through the discovery of IL-23, it was recently shown
that it is not IL-23 that triggers commitment to the Th17 pathway. Rather, the combination of
IL-6 with TGF-β (in mice [35,36]) elicited commitment to the Th17 lineage through the newly
discovered transcription factor RORγt. In fact, both the Th1 and Th2 hallmark cytokines, IFN-
γ and IL-4, respectively, were found to antagonize Th17 differentiation. The Th17 subtype
differs from Th1 and Th2 mainly by the set of cytokines that it expresses, including its hallmark
cytokine IL-17A together with IL-6, TNF-α, IL-17F, and IL-22 (Fig. 1) and by the expression
of the chemokine receptors and chemokines CCR6 CCL20 and CCL22, CXCL10, and CCL2
[37].

IL-17, initially isolated from a cytotoxic T lymphocyte hybridoma and called CTLA-8, is now
known as IL-17A. It is a member of a growing family that currently includes six cytokines,
named IL-17A–IL17F. IL-17A is a proinflammatory cytokine, while IL-17E (IL-25) is anti-
inflammatory [38]. IL17F appears to be proinflammatory as well [39], although its role and
the roles of other IL-17 family members are less well defined.
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IL-17A can induce the expression of diverse proinflammatory cytokines and chemokines from
a large variety of cells, as expected from the broad tissue expression of IL-17A receptors. In
the initial characterizations of IL-17A, it was found to be a potent inducer of IL-6 and IL-8
(CXCL8) by fibroblasts [40,41]. Subsequent studies have demonstrated proinflammatory
effects on a broad range of cellular targets, including epithelial and endothelial cells,
fibroblasts, osteoblasts, and monocyte/macrophages. Depending on the target cell population,
principal activities of IL-17A include the induction of expression of colony-stimulating factors
(e.g., granulocyte colony-stimulating factor and granulocyte–macrophage colony-stimulating
factor), CXC chemokines (e.g., CXCL8, CXCL1, and CXCL10), metalloproteinases, and IL-6.
Accordingly, IL-17A has potent actions to mobilize, recruit, and activate neutrophils. Indeed,
the capacity of T cell-derived IL-17A to expand and recruit the neutrophil pool is a defining
feature of these family members and provides a novel mechanism by which T cells coordinate
adaptive and innate immunity [41].

The main role of IL-17 in immune defense is against extracellular bacteria and fungi. This role
is mediated mainly by recruitment of neutrophils and macrophages to the site of inflammation
and by upregulating antibacterial peptides such as the S100 family and β-defensin from
fibroblasts [22]. Such responses also have a high potential for causing bystander tissue damage.
The connection of IL-17 to autoimmune tissue damage was first identified in EAE and CIA,
both autoimmune disease models induced by immunization with a self-Ag in CFA, i.e., in the
context of bacterial products [18,19]. Subsequently, IL-17 was also shown to be involved in
colitis, again a disease with a strong microbial involvement. Thus, the role of Th17 cells in
autoimmunity may be the consequence of subverting a response designed for antimicrobial
defense toward self-reactivity.

Involvement of Th17 cells as uveitogenic effectors was demonstrated in the EAU model by
the findings that in vivo neutralization of IL-17 significantly ameliorates disease severity and
adoptive transfer of retinal Ag-specific Th17 cells into unimmunized hosts precipitates EAU
[20,42,43]. Importantly, Th17 cells can induce EAU not only in WT but also in IFN-γ KO
mice, showing that Th17 cells can be pathogenic in the absence of IFN-γ and a normal Th1
response. IL-17 is present in extracts of uveitic eyes after immunization of mice with IRBP/
CFA [20], and Th17 cells are easily detectable in such eyes by intracellular cytokine staining
(Fig. 2). More severe uveitis is associated with a higher proportion of Th17 cells in the ocular
inflammatory infiltrate. However, the story is not straightforward because IL-17 KO mice are
not resistant to EAU, and Th1 cells can induce EAU in recipients treated with anti-IL-17
antibodies at a dose that prevents induction of disease by active immunization [20]. Thus, EAU
does not always require Th17 effector cells, an issue that will be expanded upon in the following
sections. This finding raised the possibility that (by being upstream to IL-17) IL-23 may have
other roles in the development of autoimmunity, which are separate from its role in promoting
the Th17 effector response.

IL-17 and the Th17 effector response may also have a role in human disease, although
additional studies are needed to dissect this in more detail. Increased levels of IL-17 were found
to correlate with scleritis and with autoimmune uveitis not associated with systemic disease
[42], as well as in uveitis associated with VKH and Behcet’s diseases [24,25]. However,
studying the human disease had restricted these findings to the periphery and not the target
organ, showing upregulation of IL-17 in the serum and in activated PBMCs. On the other hand,
ocular fluids from patients with several different viteoretinal disorders revealed high levels of
IL-6 and no detectable levels of IL-17 [44], suggesting that IL-17 is not involved in every eye
inflammation or that—unlike in mice—in humans these cells do not home to the eye.
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Th1 cells: pathogenic or protective?
IFN-γ is the hallmark Th1 cytokine. Similarly to other cytokines that serve as major regulators
of immune responses (e.g., TNF-α and apparently IL-12), it has pleiotropic effects that may
be contradictory at different stages or locations of the immune response. Although it is the
hallmark of the adaptive Ag-specific CD4+ Th1 and CD8 effector cells, large amounts of IFN-
γ are secreted by cell types associated with innate immune responses such as NK, NK T and
γδ-T cells. These cells provide the initial IFN-γ responses that are strongly involved in innate
antimicrobial host defense and also help shape the adaptive immune response that follows.
During the innate immune response, IFN-γ is playing an essential role in activating Ag-
presenting cells (APCs) resulting in the upregulation of major histocompatibility complex
(MHC)-II and TNF-α for Ag presentation and maturation [45]. However, IFN-γ also impairs
the proliferation and survival of newly primed T cells by triggering activation-induced cell
death [46]. In our hands, inducing high innate levels of IFN-γ in animals that were concurrently
immunized for EAU inhibited disease induction at least in part by causing apoptosis of newly
primed effector T cells [16]. Others demonstrated that this process involves stimulation of
TIM-3 [47] and GADD45 [48] and leads to Th1 elimination.

Despite the important role of IFN-γ in activating APCs, in autoimmune models, this role of
IFN-γ was found to be dispensable, since strong Ag-specific autoreactivity is induced in the
absence of IFN-γ signaling (in IFN-γ KO and IFN-γ receptor KO mice). We and others found
that in the absence of IFN-γ, Th17 response is dominant, and the lack of suppression by IFN-
γ of newly primed T cells and of Th17 differentiation may explain the increased susceptibility
to the development of autoimmune diseases in these mice.

The immune system evolved to fight pathogens. Th1 and Th17 effector lymphocytes are
directed at eradication of intracellular and extracellular pathogens, respectively. During the
development of autoimmune disease, autoreactive Th1 and Th17 cells are activated out of their
original context, and both of these cell types are found together in the target organ. However,
whereas the pathogenic role of the Th17 effectors is supported by inhibition of autoimmune
tissue damage as a result of IL-17 neutralization [18,20], neutralization of IFN-γ has a disease-
enhancing effect [27,28]. Thus, with the discovery of the Th17 cells, the role of Th1 as a
pathogenic effector phenotype is being questioned. Despite decades of evidence that polarized
Th1 cell lines induce autoimmune pathology when injected into naive recipients, some
researchers are now suggesting that the role of the Th1 cells is to suppress and clear
inflammation caused by Th17 cells [42].

Th1 and Th17 effector cells induce retinal pathology independently of each
other

The pathogenicity of Th17 vs Th1 cells and the question whether Th1 cells are pathogenic or
protective have been addressed by using polarized T cell lines having a Th1 or a Th17
phenotype and infused into recipients lacking the reciprocal hallmark cytokine, either through
antibody neutralization or by genetic deficiency [20]. Polarized Th17 cells derived from IRBP-
immunized IFN-γ KO mice (and thus incapable of producing IFN-γ) injected into either WT
or IFN-γ KO recipients induced EAU. Conversely, a polarized Th1 cell line that is unable to
produce IL-17, injected into naive recipients treated with saturating doses of neutralizing IL-17
antibody, induced severe uveitis (Fig. 3). It is interesting to note that whereas the Th17 line
typically recruited a mostly granulocytic inflammatory infiltrate into the eye, the Th1 line
recruited a predominantly mononuclear infiltrate. Notably, the severity of tissue pathology
induced by Th1 cells was no less than that induced by Th17 cells (Fig. 3). It is important to
underscore that, in contrast to other studies with polarized T cells or T cell lines, which did not
stringently exclude participation of the reciprocal cytokine in pathology, this study has

Luger and Caspi Page 6

Semin Immunopathol. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



demonstrated that Th1 and Th17 cells are both pathogenic effectors that induce tissue damage
independently of each other [20].

One can argue that T cell lines are not reflective of autoimmune disease that arises
endogenously as a result of some environmental trigger. However, independent lines of
evidence suggest that at least in the EAU model, endogenous disease can also be either Th17
or Th1-driven, although independence from the reciprocal effector phenotype cannot be as
sharply defined. In the “classical” model of EAU induced by immunization with IRBP in CFA,
there is a strong IL-17 response, and neutralization of IL-17 (but not of IFN-γ) aborts induction
of disease, even though the Ag-specific IFN-γ response is relatively undiminished [20]. If the
adaptive IFN-γ response is a correlate of Th1, this would suggest that the Th1 response is
insufficient in the CFA-induced model to induce disease. Conversely, in the recently developed
alternative EAU model, induced with Flt3L-mobilized, in vitro-matured, and Ag-pulsed DC
(DC-EAU), there is a strong IFN-γ response, and uveitogenic DC from WT mice are unable
to induce EAU in IFN-γ KO recipients, despite development of an undiminished Ag-specific
IL-17 response in these mice [2]. To the extent that an adaptive IL-17 response is a correlate
of Th17, this would suggest that in the DC-induced model, a Th1 effector is necessary, and a
Th17 effector response by itself is insufficient to induce disease.

What are the factors that will determine which effector type will be dominant? In the CFA-
induced EAU model, the Ag and mycobacterial components from CFA reach the local lymph
nodes and are processed and presented by diverse Ag-presenting cells (APCs). One can thus
envision engagement of multiple Toll-like receptors and APC types, resulting in strong and
varied innate receptor stimulation. In the DC-EAU model, Ag is taken up in vitro by DC
matured in the presence of LPS and anti-CD40, resulting a much more homogeneous APC
population and a more limited innate receptor engagement. It is interesting to note that the
autoimmune disease models where Th17 dominance has initially been demonstrated, EAE
[17,18] and CIA [19], are both induced in the context of CFA. Thus, we hypothesize that the
quality/quantity of Toll-like receptor stimulation and type/diversity of APCs may drive
preferentially toward Th17 or toward Th1 dominance.

This also bears on the question of Th17 vs Th1 in human disease, where the inducing events
surrounding initial exposure to self-Ag are unknown. Importantly, CFA-EAU and DC-EAU,
although induced by the exact same Ag in genetically identical individuals, differ from each
other in many respects, making them clinically distinct disease entities. Specifically,
differences are seen not only in the immunological response profile but also in pathological
and clinical disease manifestations including severity, course, cellular composition of the
inflammatory infiltrate, and the appearance of the fundus. If conditions during initial exposure
to self-Ag affect development of uveitis in humans in a similar fashion, this may help explain
the heterogeneous nature of human uveitis, often in the face of responses to the same retinal
Ag(s).

Th1/Th17 synergism and stability of the Th17 phenotype
Prior to the discovery of Th17 as a distinct lineage, IL-17 was already recognized as a potent
proinflammatory cytokine associated with tissue damage mainly in skin lesions [49]. At that
time, IL-17 was still studied in the context of the Th1 response. Thus, several studies examined
the combined effect of IL-17 together with IFN-γ and TNF-α on the expression of chemokines
and chemokine receptors in keratinocytes, as a possible mechanism of enhanced recruitment
of leukocytes in inflammation. It is interesting to note that the effect of IL-17 alone on the
induction of inflammation-associated molecules was minor; however, the combination of
IL-17 with TNF-α and even more so with IFN-γ revealed a strong synergistic effect on
expression of ICAM-1, IL-8, MCP-1, RANTES, CD40, HLA-DR, and MHC-I [50].
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A recent study that characterized CD4 T cells in the gut from patients with Crohn’s disease
demonstrated a large proportion of cells that coexpress IFN-γ and IL-17 may be in line with
these earlier findings. It is interesting to note that these double-producer cells expressed both
IL-12Rβ2 and IL-23R and coexpressed the lineage-specific transcription factors T-bet and
RORγt. Similar to cells that expressed IL-17 alone, these cells were resistant to suppression of
proliferation by regulatory T cells [51]. These findings may suggest that these CD4 cells that
express both IL-17 and IFN-γ can respond both to IL-12 and IL-23 and may support the
presence of synergism between IL-17 and IFN-γ in the induction of tissue damage.

In the eye, the double-producing T cells expressing both IL-17 and IFN-γ in their cytoplasm
abound (Fig. 2). The significance of these cells in EAU and whether they represent a stable
population or a transitional phenotype is currently unclear. For example, some of them may
be Th17 cells that are transitioning to a different stage of differentiation. Several independent
lines of evidence suggest that the Th17 phenotype may not be a stable one. Although stringent
examination of this requires use of IL-17 reporter mice, polarized IL-17-producing cells appear
to lose production of IL-17 and/or acquire the ability to produce IFN-γ, upon prolonged culture
(Ana Hansen and Rachel Caspi, unpublished data), or after transfer into mice (Guangpu Shi
and Igal Gery, personal communication). The biological implications of this apparent plasticity
remain to be dissected.

Conclusions
Human uveitis is a clinically heterogeneous disease. Due to objective limitations, the basic
mechanisms in human disease are difficult to dissect. The EAU model has been extremely
useful in obtaining insights into the mechanisms that might drive uveitis in humans. Until a
few years ago, EAU was considered to be mediated by Th1 cells of the CD4 lineage. Antibodies,
which can enter the ocular compartment after the blood–retinal barrier has been broken by the
T cells, also come into play as an effector mechanism, as do recruited inflammatory leukocytes.
More recent data revealed that CD8 lymphocytes, usually thought of as suppressive, can also
be pathogenic effectors, although their importance in EAU elicited in an immunologically
normal host remains to be determined. With the discovery of Th17 cells, a new effector
phenotype was added to the lineup. Although Th17 were originally defined as CD4+ T cells,
CD8+ T cells are also induced to produce IL-17 under similar conditions as CD4. The relative
dominance of these different effector mechanisms and how they mesh with each other, affect
the manifestations of disease. These findings shed light on the variability of human uveitic
disease and may ultimately help to develop better and more rational treatment strategies for
human uveitis through the targeting of specific molecules involved in critical checkpoints of
the disease process.
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Fig. 1.
Effector T cell lineages. Based on information from published literature
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Fig. 2.
Th17 cells as well as Th1 cells infiltrate uveitic eyes. Eyes were obtained at peak of disease
from C57BL/6 and B10.RIII mice immunized for EAU. The ocular tissues were dispersed
chemically and enzymatically, and the cells were analyzed for phenotype and for intracellular
cytokine expression after a brief incubation with PMA/Ionomycin and Brefeldin A [20]
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Fig. 3.
EAU can be induced by Th17 or by Th1 cells. B10.RIII mice received adoptive transfer of
IRBP-specific cells from a polarized Th1 cell line unable to produce IL-17 or of cells from
IFN-γ KO mice polarized toward the Th17 [20]. Eyes were collected at the peak of disease,
processed for histopathology, and stained with hematoxylin and eosin. Note the neutrophilic
infiltrate associated with Th17-induced EAU, consistent with its characteristic to recruit
granulocytes
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