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Abstract
The ocular microenvironment is both immunosuppressive and anti-inflammatory in nature. Pigment epithelial (PE) cells iso-
lated from the eye possess the ability to suppress the T cell receptor-dependent activation of T cells and the induction of reg-
ulatory T cells in vitro. This property is dependent on the cells’ capacity to produce cell-surface and soluble inhibitory mole-
cules, for example CD86 (B7-2), transforming growth factor (TGF)-β, thrombospondin-1, programmed cell death 1 ligand 1
(PD-L1/B7-H1), and cytotoxic T lymphocyte-associated antigen 2α. Cultured ocular PE cells from the iris, ciliary body, and
retina can individually suppress T-cell activation via mechanisms that partially overlap. Moreover, PE-derived regulatory
T cells acquire functions that play a role in establishing immune regulation in the eye. Multiple strategies are employed with-
in the eye to control immune-mediated inflammation. This phenomenon is known as immune privilege and is instrumental
in helping to prevent extensive damage to bystander cells that would otherwise lead to blindness. This review focuses on the
immunosuppressive property and role of ocular PE cells in immune privileged sites.
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IMMUNE PRIVILEGE IN THE EYE

Ocular immune privilege is an evolutionarily
designed multifactorial mechanism that can prevent
immunogenic inflammation from disrupting the visual
axis and causing blindness (Niederkorn 2002; Streilein
2003; Streilein and Stein-Streilein 2000). To avoid these
consequences of intraocular inflammation, the eye
expresses an extensive array of mechanisms by which
innate and adaptive immune effectors can be regulated,
and even silenced (Streilein 2003). The mechanisms that
have been revealed to date include an intraocular
microenvironment (aqueous humor and vitreous fluids)
that is rich in soluble immunomodulatory factors
(Taylor et al. 1997; Taylor 1999; Taylor 2007), blood-tis-
sue barriers that limit the ingress of blood-borne cells
and molecules that are capable of mediating immuno-

genic inflammation, and the constitutive expression of
CD95 ligand (CD95L/FasL) on ocular parenchymal
cells, which triggers the apoptosis of effector T cells
(Griffith et al. 1995; Griffith et al. 1996). These and
other mechanisms help to explain why the eye has been
shown experimentally to be an immune-privileged site
(Stuart et al. 1997; Niederkorn and Wang 2005). Thus
these mechanisms make it possible for the eye to accept
foreign tissue grafts for extended, if not indefinite, inter-
vals, whereas conventional body sites summarily reject
such grafts.

OCULAR PIGMENT EPITHELIAL CELLS

A monolayer of pigment epithelium (PE) lines the
iris (IPE), ciliary body (CBPE), and retina (RPE), all of

2009  

Arch. Immunol. Ther. Exp., 2009, 57, 263–268
PL ISSN 0004-069X
DOI 10.1007/s00005-009-0030-0

REVIEWREVIEW

, Published online: 2009.07.01 



264 S. Sugita: Pigment epithelial cells in the eye

which contribute to the immune-privileged property of
the eye. Neural crest-derived epithelial cells participate
in the ocular immune privilege and many previous stud-
ies have defined the individual molecular mechanisms
involved in this process (Sugita and Streilein 2003;
Sugita et al. 2006a; Usui et al. 2008; Yoshida et al.
2000a; Yoshida et al. 2000b; Zamiri et al. 2007). The
diverse but related PE of the iris, ciliary body, and reti-
na possess distinct properties that are related to their
disparate anatomic locations. Various laboratories have
demonstrated that these PE cells display immunomodu-
latory features, which suggests that this layer of cells
contributes to the immune privilege. It was reported
several years ago that cultured PE cells isolated from
the iris and ciliary body were able to secrete immuno-
suppressive factors in vitro (Yoshida et al. 2000a;
Yoshida et al. 2000b). Freshly explanted RPE as well as
immortalized cell lines derived from RPE have been
found to secrete immunosuppressive factors (Sugita et
al. 2006a; Zamiri et al. 2007) and to express surface mol-
ecules such as CD95L.

As shown in Fig. 1, cultured ocular PE cells from the
retina, ciliary body, and iris suppress T-cell proliferation
of effector T cells in vitro. In the presence of 1×104 PE
cells, anti-CD3-stimulated T-cell proliferation was not
fully suppressed, whereas activated T cells were signifi-
cantly suppressed by 2×104 PE cells (around 80% inhi-
bition, Fig. 1). The immunosuppressive properties of
these ocular PE cells are summarized in Table 1.
Cultured RPE cells suppress T-cell activation by both
cell contact and via the secretion of immunosuppressive
factors (Ishida et al. 2003; Sugita and Streilein 2003;
Sugita et al. 2006a; Sugita et al. 2009). In addition, cul-
tured RPE cells convert both CD4 and CD8 T cells into
T regulatory cells in vitro (Sugita et al. 2008). On the
other hand, cultured IPE cells can suppress T-cell acti-
vation by cell contact only, which indicates that IPE cells
do not secrete soluble factors (Sugita and Streilein 2003;
Sugita et al. 2004). Interestingly, IPE cells are able to
induce CD8 Treg cells, but not CD4, in vitro (Sugita et
al. 2006b). In addition to the soluble immunosuppres-
sive factors that cultured CBPE cells secrete, a cell con-
tact inhibitory mechanism is also probably involved
(Sugita and Streilein 2003). However, CBPE cells are
not able to convert T cells into Treg cells in vitro (Sugita
et al. 2006b).

As shown in Table 1, transforming growth factor
(TGF)-β is a common denominator in the various sup-
pressive mechanisms elicited by these PE cells. When
these cells were examined by a mouse microarray analy-
sis using RNA (Futagami et al. 2007), many immuno-
suppressive factors were detected, including throm-
bospondin (TSP)-1, which converts latent TGF-β into
active forms non-enzymatically in eyes that exhibit high
levels of expression. Among the neuropeptides that are
rich in aqueous humor (Taylor 1999; Taylor 2007), cal-
citonin gene-related peptide was detected in all PE cells.
This is in contrast to Fas ligand (FasL, CD95L), α-
-melanocyte-stimulating hormone, and vasoactive

intestinal peptide, which were not detected in all PE
cells. Among the eye-related complement regulators,
only CD59a exhibited high levels of expression. Thus
the previous data provide solid proof that the PE con-
tributes to the ocular immune privilege.

PE CELLS FROM RETINA

The ocular pigment epithelia of the retina have been
identified as important participants in helping to create
and maintain immune tolerance (Streilein 2003). The
RPE layer has a primary vision-related function that
serves as a “light sink”, thereby quenching any unfo-
cused light that might otherwise enter the eye and com-
pete with focused images that pass through the visual
axis to the retina (Camacho-Hubner and Beermann
2001). RPE also has secondary functions that are relat-
ed in part to the region of the eye in which they are
located; for example, the RPE provides nutritive and
biochemical support for the proper functioning of the
rod and cone photoreceptor cells of the retina
(Rothermel and Layer 2001). Cultured RPE cells from
the posterior segment of the eye have been demonstrat-
ed to suppress T-cell activation in vitro. It has been pro-
posed that the immunoregulatory property of RPE is
related to the intraocular suppression of immunogenic
inflammation (Wenkel and Streilein 2000; Zamiri et al.
2007). 

Fig. 1. Capacity of cultured ocular pigment epithelial cells
RPE, IPE, and CBPE to suppress T-cell activation in vitro. PE
cells cultured from retina, iris, and ciliary body of C57BL/6
mice served as substrates for T-cell activation. Purified pan-
-T cells in the presence of anti-mouse CD3 antibody (1.0
µg/ml) were co-cultured with RPE, IPE, or CBPE (1×104 or
2×104/well in 96-well culture plates) for 72 h. T-cell activation
was assessed for proliferation by [3H]-thymidine incorpora-
tion. The Y-axis indicates the percentage inhibition of target
pan-T cells by the cultured ocular PE cells.
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We previously demonstrated that primary RPE cells
suppress T-cell activation by both cell contact and via
the secretion of immunosuppressive factor(s) (Sugita
and Streilein 2003; Ishida et al. 2003; Sugita et al. 2006a;
Sugita et al. 2009). We also reported that cultured RPE
cells established from normal mice and humans can sig-
nificantly suppress the activation of T cells by secreting
TGF-β (Sugita et al. 2006a). Moreover, both human and
murine RPE cells constitutively express programmed
cell death 1 ligand 1 (PD-L1/B7-H1) costimulatory mol-
ecules and RPE profoundly suppresses bystander pro-
grammed cell death (PD)-1+ T cells (Usui et al. 2008;
Sugita et al. 2009). Interferon-γ significantly up-regu-
lates these molecules, with the PD-L1/PD-1 interactions
able to suppress T-cell proliferation and cytokine pro-
duction via activated T cells (Dong et al. 1999; Freeman
et al. 2000). Thus RPE cells produce immunosuppres-
sive molecules on their surface and secrete immunoreg-
ulatory soluble factors into the supernatants of the cul-
ture medium.

In recent studies we investigated how T cells cul-
tured in vitro in the presence of RPE cells are able to
acquire the capacity to regulate other T cells in sec-
ondary cultures. CD4+ T cells acquire T regulatory
activity when exposed to RPE cells and this conversion
occurs in the presence of a novel inhibitory factor, cyto-
toxic T lymphocyte antigen (CTLA)-2α (Sugita et al.
2008). While transcripts for CTLA-1, -2, and -3 are pre-
sent in various cytotoxic T lymphocytes, they are absent
or expressed at much lower levels in non-cytotoxic
T lymphocytes (Brunet et al. 1986). CTLA-4 is mainly
expressed in activated lymphocytes (Brunet et al. 1987),
with the CTLA-2α and -2β transcripts restricted to
either T cells, where they are induced upon activation,
or to mast cells (Kurata et al. 2003). The open reading
frames of both cDNA transcripts encode proteins that
are homologous to cysteine proteinase precursors.
CTLA-2α, which functions as a cysteine proteinase
inhibitor, promotes the RPE-dependent formation of
regulatory T cells. Cultured RPE cells can also constitu-
tively express CTLA-2α, while CD4+ T cells exposed to
RPE cells are able to up-regulate the expression of

CD25 and Foxp3. In addition, recombinant CTLA-2α
can induce CD4+CD25+Foxp3+ regulatory T cells both
in vitro and in vivo. These regulatory T cells produce
high levels of immunosuppressive cytokines, including
active TGF-β. CTLA-2α controls cathepsin L activity in
cultured RPE cells, and CTLA-2α via RPE can promote
TGF-β activity. As seen in Fig. 2, these results demon-
strate that regulatory T cells, which are generated in
response to the co-culturing of CTLA-2α with RPE
cells, can acquire full regulatory functions for peripher-
al immune tolerance. Therefore, these previous results
suggest that the CTLA-2α-TGF-β pathway plays a criti-
cal role in the regulatory T-cell generation in the eye.

PE CELLS FROM THE IRIS

We previously demonstrated that iris PE cells differ
from ciliary body PE and RPE cells in that they primar-
ily suppress T-cell activation in vitro by a cell-to-cell con-
tact-dependent mechanism (Sugita and Streilein 2003;
Ishida et al. 2003; Sugita et al. 2004; Sugita et al. 2006c).
When IPE cells are co-cultured with T cells stimulated
with anti-mouse CD3 (1st signal), the activated T cells
will then bind to the IPE cells via a cell-to-cell contact
mechanism. Previous experimental evidence collected
in our laboratories demonstrated that CD86 (B7-2)
acted as a second signal that was uniquely and constitu-
tively expressed on the surface of the IPE cells. The IPE
cells then caused a contact-dependent inhibition of the
T cells via an interaction between CD86 and the CTLA-4
(Sugita and Streilein 2003). Interestingly, the T cells
themselves were found to participate in the global sup-
pression caused by the IPE cells and, in addition, the
novel expression of CD86 on the subpopulation of the
IPE-exposed T cells was essential for maximal suppres-
sion to occur (Sugita et al. 2004). When a subpopulation
of CD8+ T cells encounter CD86+ IPE, these cells are
able to efficiently up-regulate CTLA-4 as well as CD86
provided that the cells simultaneously receive a signal
via the TCR (anti-CD3). The subset of T cells that are
preferentially targeted for activation by CD86+ IPE

Table 1. Summary of immunosuppressive properties of the ocular pigment epithelial cells RPE, IPE, and CBPE

Ocular PE cells Use of Secretion of Induction of Candidate Representative
cell contact soluble factors Treg cells molecules reference

RPE (+) (++) (+) (CD4 and CD8) TGF-β Sugita et al. 2006a
TSP-1 Futagami et al. 2007

PD-L1/B7-H1 Sugita et al. 2009
Galectin-1 Ishida et al. 2003

PEDF Zamiri et al. 2006
CTLA-2α Sugita et al. 2008

IPE (++) (–) (+) (CD8) TGF-β Sugita et al. 2006b
TSP-1 Futagami et al. 2007

CD86 (B7-2) Sugita and Streilein 2003
CBPE (+) (+) (–) TGF-β Sugita et al. 2006a

TSP-1 Futagami et al. 2007

TSP-1 – thrombospondin-1, PEDF – pigment epithelial-derived factor, CTLA-2α – cytotoxic T-lymphocyte antigen-2α.
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cells express CD8, CTLA-4, and CD86, and when inter-
actions between the T and PE cells occur, there is gen-
eration of enhanced amounts of active TGF-β. Recently
we showed that both IPE and IPE-exposed T cells were
able to produce enhanced amounts of active TGF-β,
and when suppressing T-cell activation they predomi-
nantly used the membrane-bound TGF-β (Sugita et al.
2006c). This evidence indicates that the function of the
surface interactions between B7 (by IPE) and CTLA-4
(by the responder target T cells) is to direct the delivery
of the membrane-associated TGF-β to the appropriate
target T cells. In order to suppress the activation of
bystander T cells in vitro, primary cultured IPE exclu-
sively uses cell-to-cell contact.

PE CELLS FROM THE CILIARY BODY

Inhibition of T-cell proliferation is mediated by
either an IPE cell contact-dependent mechanism or by
soluble factors from CBPE and RPE cells established
from the posterior segment of the eye (Sugita and
Streilein 2003; Sugita et al. 2006c). CBPE cells estab-

lished from normal C57BL/6 mice are able to signifi-
cantly suppress T-cell activation in vitro as well as in the
IPE and RPE cells (Sugita and Streilein 2003; Sugita et
al. 2007a). CBPE cell division is much greater than that
seen in other PE cells, such as IPE and RPE. In addi-
tion, the morphology of the primary cultured CBPE in
5-day-old cultures demonstrated confluence from a very
early phase (Sugita et al. 2007a). Mouse microarray
analysis showed that the expression of candidate genes
in CBPE was similar to that seen in other PE cells
(Sugita et al. 2007a); for example, TGF-β1-3, TGF-β
receptor (TGF-βR) I-III, and TSP-1 exhibited high lev-
els of expression on the PE cells. These results suggest
that the CBPE cells might also have an inhibitory func-
tion within the immune-privileged site.

OCULAR PE CELLS 
INDUCE REGULATORY T CELLS

Murine T cells were converted into regulatory T cells
by in vitro exposure to pigment epithelia cells that had
been harvested from the iris or retina of uninflamed nor-

Fig. 2. Summary of the process for Treg conversion by eye-derived CTLA-2α. (A) Intraocular migratory T cells that escape from choroid
vessels into the stroma must pass through the RPE layer to penetrate into the retinal space. T cells are functionally converted to Treg cells
during the traffic of migratory T cells through the pigment epithelium from the retina (RPE). (B) In the subretinal space that includes the
RPE layer, the secretion of CTLA-2α by the RPE converts intraocular effector T cells into Treg cells that acquire regulatory functions, as
the CTLA-2α by T cells and RPE cells inhibits cathepsin L (CathL) activities. The Treg cells express high levels of CD25 and Foxp3 in addi-
tion to producing active TGF-β. Thus RPE-derived CD4+ Treg cells play an important role in the immune tolerance in the eye. The small
black circles indicate CTLA-2α secreted by RPE cells.
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mal eye (Futagami et al. 2007; Sugita et al. 2006b; Sugita
et al. 2006c; Sugita et al. 2007b; Sugita et al. 2008;
Yoshida et al. 2000b). The ocular PE-induced Treg cells
suppress the activation of bystander target T cells by anti-
-CD3 Abs when added to secondary cultures containing
the target T cells plus the Treg cells. The ability of IPE to
convert T cells into Tregs depends solely upon cell-to-cell
contact (Sugita et al. 2006b; Sugita et al. 2007b). These
PE-induced Treg cells inhibit in an antigen-nonspecific
manner (unpublished observation). The contact-depen-
dent process by which IPE converted CD8+ T cells into
Treg cells resembled that reported in a previous study
that used CD8+ T cells and gut epithelium (Li et al.
1995). That study showed that an antigen-nonspecific
interaction between CD8 on the T cells and gp180 on the
intestinal epithelial cells was required. Our research
group previously found that it was an antigen-nonspecific
interaction between CTLA-4 on T cells and B7 co-stimu-
latory molecules on the IPE cells that was required
(Sugita et al. 2006c). Li et al. reported that p56lck-depen-
dent T-cell activation, which presumably occurred via the
TCR, is important when intestinal epithelial cells induce
CD8+ Treg cells. However, with regard to the induction
of CD8+ Treg cells, TGF-β appears to be irrelevant.

On the other hand, RPE cells can convert both
CD4+ T cells (as opposed to CD8+) into Treg cells via
soluble factor(s). Interestingly, the analogous interac-
tion between CD4+ T cells and retinal PE does not
involve CTLA-4 and CD86. Instead, RPE, but not IPE
or CBPE, cells can produce CTLA-2α, which is
a cathepsin L inhibitor. This novel molecule plays a role
in the induction of Treg by RPE cells (Sugita et al.
2008). In several recent studies we also found that there
is a second pathway that resembles regulatory co-stimu-
lation in that there is a required signaling through
a TGF-βR on the T cells (Futagami et al. 2007; Sugita et
al. 2006c; Sugita et al. 2008). While we are aware that
T cells stimulated via CTLA-4 can begin to synthesize
and secrete TGF-β (Nakamura et al. 2001; Chen et al.
1998), we found that the IPE-induced Treg cells were
not able to suppress bystander T-cell activation if the
latter were obtained from dominant negative TGF-βR
II donors (Lucas et al. 2000). In addition, we also
demonstrated that CTLA-2α, which is only produced by
cultured RPE cells, is able to convert latent forms of
TGF-β into active forms and that intraocular TGF-β can
up-regulate the production of RPE-CTLA-2α (Sugita et
al. 2008). These previously published studies indicate
that members of the CTLA family, such as CTLA-2 and
CTLA-4, may require a TGF-β signal in order to be able
to acquire their regulatory function. However, perhaps
more important is the finding that the PE-induced Treg
cells can produce TGF-β (Fig. 2). In fact, not only are
ocular PE cells the major source of the TGF-β constitu-
tively found within ocular fluids (Granstein et al. 1990;
Pasquale et al. 1993), but the PE-induced Treg cells are
also the major source of the significant amounts of
TGF-β that are present in the ocular fluids during
inflammatory conditions (Ohta et al. 2000).

CONCLUDING REMARKS

Overall, these findings demonstrate that ocular PE
contributes to the immune tolerance in the eye. Thus
the immune privilege in the eye is created by the pig-
ment-containing epithelial layer that lines the posterior
surfaces of the iris, ciliary body, and neural retina. We
are now investigating whether it is possible for human
ocular PE-dependent human regulatory T cells to
expand in vitro and whether these expanded T cells can
acquire a suppressive function. The present data, how-
ever, indicate that the in vitro manipulated Treg cells
have potential use in therapeutic applications in
patients with ocular inflammatory disorders such as
uveitis.
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