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Abstract

Regulatory T cells (Tregs) are generated to antigens (Ag) found in the retina. Some Tregs are the
result of ectopic expression of the retinal Ags in the thymus, where developing T cells are
committed to enter the regulatory lineage. However, the generation of retinal Ag-specific Tregs
independent of the thymus was uncertain. Our studies show that Tregs can be generated from
mature, peripheral T cells based on exposure to retinal Ags. These peripherally induced Tregs
limited immune responses and experimental autoimmune disease induced by retinal Ags and thus
constitute a crucial component of retinal immune privilege.
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Introduction

The proper function of the mammalian immune system requires a balance between effector
responses that are sufficient to contain and clear pathogenic microorganisms and provide
tumor immunity while avoiding excessive or aberrant immune responses that could result in
unwanted tissue damage, allergic responses, or autoimmune disease. While the immune
system employs a myriad of mechanisms to maintain this balance, it is now realized that
regulatory T cells (Tregs) are critical in shaping and controlling antigen (Ag)-specific
adaptive immune responses. In fact, it is speculated that any adaptive immune response
generates not only effector T (Teffs) and/or B cells, but also a population of Tregs necessary
to control that particular immune response and maintain immune homeostasis [1-3].

The idea that T cells could mediate immune regulation led to the search for cellular markers
by which CD4* T cells could be uniquely defined and characterized as Tregs. CD25 (IL-2
receptor, a chain) expression was the initial identifying marker of Treg function [4, 5] but it
could not be considered a definitive Treg marker as it is also expressed on activated T cells.
Genetic analysis showed that mutations in the gene for the transcription factor Foxp3 were
associated with the autoimmunity seen in human IPEX (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked) [6] and in the Scurfy mouse strain [7].
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Subsequent analysis showed that Foxp3 was necessary for the development of CD4* Tregs
[8-10]. Foxp3™* Tregs can arise in either the thymus (natural Tregs, nTregs) or in the
periphery from naive T cells (induced Tregs, iTregs). While there are no markers that can
distinguish nTregs from iTregs, the former are thought to control autoimmunity while the
latter are important in modulating the immune response to microorganisms, allergens, and
assist in controlling autoimmune inflammation [11, 12]. While Foxp3* Tregs are considered
the prototypical and dominant type of Treg, other lineages of T cells are known to have
immunosuppressive functions (reviewed in [13, 14]) including the Ag-induced IL-10
producing Tr1 cells [15, 16], TGF-B producing Th3 cells [17, 18], several sublineages of
CD8* T cells [19], and even CD4~CD8™ peripheral T cells [20]. The variety of Tregs speaks
clearly for their importance in immune regulation and also suggests that local
microenvironments can influence the development of Tregs from T cells present at the time
of the immune response.

The eye is composed of a number of tissues, many of which are delicate and/or non-
regenerative. Inflammatory or tissue destructive immune responses that are normally
tolerated in other organs could have serious consequences on visual function. Therefore the
eye has developed both unique anatomical features and a variety of physiological
mechanisms that modulate or limit the immune responses in order to maintain the protective
immune functions and eliminate the non-specific tissue damage associated with immune
responses. Many of these features and mechanisms are discussed in other reviews of this
volume or elsewhere [21, 22].

Tregs and Ocular Immune Regulation

This review will focus on recent studies of the generation of Tregs from mature, naive T
cells in the periphery to retinal specific Ags. Given the necessity for strict immune
regulation in ocular tissue, it is not surprising that Tregs with a variety of origins and
phenotypes have been identified and that this redundancy of Tregs and their cooperative
effort is needed to maintain the overall immune homeostasis of the entire eye [23, 24].
Several of these Treg generating mechanisms are known or thought to contribute to immune
privilege associated with the normal, quiescent retina.

It has been demonstrated that nTregs can be generated to retinal Ags when those Ags are
expressed in the thymus. Resistance to the induction of experimental autoimmune
uveoretinitis (EAU) in rodent strains correlated highly with thymic expression of retinal-
specific Ags such as interphotoreceptor retinoid binding protein (IRBP) [25, 26]. Subsequent
research showed that thymic expression of IRBP led to the negative selection of IRBP-
specific Teffs, and the positive selection of IRBP-specific Tregs, since depletion of CD25* T
cells abrogated the resistance to EAU [27, 28]. However, negative selection is not perfect
[29]. Other transgenic (Tg) mouse models expressing neo-self Ags under the control of
retina-specific promoters have a significant, but incomplete, negative selection of Ag-
specific autoreactive T cells [30, 31]. Therefore, the ability to generate Tregs in the
periphery to retinal Ags would be advantageous, if not necessary, for maintaining retinal
immune privilege.
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The down regulation of immune responses to Ags placed in the anterior chamber of the eye
(anterior chamber associated immune deviation, ACAID) is mediated by both CD4* and
CD8™* Tregs [32, 33]. Other studies have shown that the ACAID-type of immune deviation
extended to Ags placed in the vitreous cavity [34] and the sub-retinal space [35] suggesting
that retinal immune privilege could be, in part, due to an ACAID-type regulatory response.
However, as discussed in the following section, the role of ACAID-generated Tregs in
maintaining the immune privilege to endogenous Ags of the normal retina is uncertain.

Retinal Ags Induce a Distinct Immunoregulation Mediated by CD3*4*25* T

Cells

To study unique immunoregulatory mechanisms associated with retinal Ags we employed
the arrpgal Tg mice (B10.A background) that express E. coli beta-galactosidase (fgal) as a
neo-self Ag under control of a truncated version of the rod photoreceptor arrestin (S-Ag)
promoter [36—38]. Expression of fgal in these mice is tightly regulated. Greater than 99.9%
of the Pgal is expressed in the photoreceptor cells, with very low or trace levels seen in the
pineal gland and in a very small number of brain cells. The arrpgal mice are advantageous in
studying immunoregulation induced by retinal Ags for several reasons. First, since fgal has
no eukaryotic homologs, the endogenous T cell repertoire has not been biased towards Ag-
specific Teffs or Tregs by cross reaction with related self-proteins. Second, the Bgal is
endogenous and constitutively expressed, thus the immune regulation induced by the Ag is
representative of that in the normal animal and not influenced by physical or physiological
manipulations.

Just as ACAID induced to Bgal can limit the delayed-type hypersensitivity (DTH) response
to subsequent Ag challenge, we observed a similar, but spontaneous in nature, reduction in
the DTH response in arrfgal mice (Fig. 1A). This reduction in the DTH response was
observed both in arrfgal mice that were immunized with fgal mixed in complete Freund’s
adjuvant (CFA) [39] or infected with a recombinant vaccinia virus expressing pgal [40]. By
either method, the DTH response was limited in both the arrfgal mice and ROSA26 mice
(Tg mice having a low level but widespread expression of Bgal, including the thymus, but
not photoreceptor cells) demonstrating that retinal expression of Bgal by itself was sufficient
to induce significant Ag-specific immunoregulation.

However, a number of studies suggest that the immunoregulation associated with retinal Ag
expression is fundamentally different than that of ACAID. First, antigenic challenge of
splenocytes from Bgal immunized arrfgal mice produced elevated levels of IL-4 but not
IL-10 or TGF-B1 versus controls [39]. This differs from ACAID immunoregulation which is
associated with increased levels of all three cytokines. Further, splenocytes from B10.A and
arrfgal mice that were subjected to fgal-induced ACAID and then Bgal immunized were
blocked in their production of IL-2 and IFN-y upon antigenic challenge, whereas Bgal
immunized arrpgal mice could only induce a partial reduction in IFN-y levels compared to
B10.A controls [41]. Second, the expression of Bgal in photoreceptors is different than the
placement of a bolus of Ag. Although highly expressed, the total amount of Bgal in arrgal
mice (/150 ng/retina) is small compared to the amount of Ag used in ACAID induction
protocols, is intracellular, and is constitutively expressed. Third, recent research suggests
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that the generation of ACAID Tregs is not dependent on peripheral CD4*25* T cells--which
could be either nTregs or iTregs [42]. Further, while there is an expansion of a
CD4%25*Foxp3* subpopulation of ACAID Tregs during ACAID induction, they appear not
to directly mediate immune suppression [43]. Together, these studies suggest that the Tregs
generated by ACAID-type mechanisms are distinct from and secondary to the
immunoregulatory mechanisms associated with endogenous Ags of the quiescent retina.

Evidence that retinal Ags can induce a population of prototypical CD4*25*Foxp3* Tregs
came first from experiments showing that B10.A mice, after receiving arrfgal mouse
splenocytes, exhibited reduced DTH response after being infected and then challenged with
Bgal (Fig. 1B), and secondly, the transfer of fractionated arrpgal splenocytes showed that
DTH inhibition was lost with removal of either the CD3* cells, the CD4* cells, or just the
CD25* cells, but not by removal of CD8* cells (Fig. 1B) [41].

Although the observation that T cells from a normal, unmanipulated arrfgal mouse
possessed pgal-specific immunoregulatory activity was strong evidence that Ags from
normal, quiescent retina induce Tregs, further investigation required the use of a T cell
receptor (TCR) Tg specific for fgal. To this end, we created the CD4* T cell (class || MHC-
restricted) pgal TCR mouse [44]. Injection of soluble Bgal into the ear pinna without prior
immunization was sufficient to induce a significant DTH response in fgalTCR mice (Fig
2A). However, this DTH response was inhibited in naive arrfgal x fgalTCR double Tg
mice, but the inhibition could be overcome in these mice by antibody depletion of CD25*
cells prior to ear testing (Fig. 2A) [41]. We have also obtained similar results with a CD4*
TCR Tg and a CD8* TCR Tg (both specific for distinct Bgal epitopes) crossed with arrpgal
mice, all on the B6 background (unpublished observations). These results clearly indicate
that retinal Ags can spontaneously induce CD25" Tregs.

Tregs to Retinal Ags Can Be Peripherally Induced

Another advantage of the arrpgal mouse in studying retinal immune privilege, and the one
that is highly suggestive for retinal Ags being able to induce peripherally generated Tregs, is
the apparent lack of thymic pgal expression in the arrfgal mouse. Interestingly, we [40] and
others [25] have detected by RT-PCR a low level of arrestin transcripts in both the B10.A
and arrpgal thymus, but we have not found thymic expression of Bgal either by RT-PCR or
immunohistochemical assays. Although we speculate that the truncated version of the
arrestin promoter used to make the arrpgal mice probably does not allow thymic fgal
expression or its genomic insertion site modifies expression, we cannot rule out a transient
or temporally regulated expression, outside of the times of our analysis, resulting in the
generation of nTregs to retinal Ags. However, there is compelling evidence suggesting that
peripherally generated iTregs constitute a significant portion of retinal Ag-specific Tregs.

A comparison of the fate of BgalTCR T cells maturing in a mouse with thymic Bgal
expression (ROSA26), versus those thought to lack thymic Bgal expression (arrpgal), or
those known to lack any pgal (B10.A), showed clearly that thymic Ag expression, does and
would impose a profoundly different immunoregulatory phenotype than retinal Ag
expression [44]. BgalTCR bone marrow engrafted into B10.A and arrfgal mice developed
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similar, substantial populations of fgalTCR T cells, which failed to develop in ROSA26
mice. Further, splenocytes recovered from similarly engrafted ROSA26 mice respond poorly
to antigenic challenge, but those from the engrafted B10.A and arrfgal mice respond in an
equally robust manner and are phenotypically indistinguishable for markers associated with
T cell activation and memory T cell development. While the above results are consistent
with negative selection, thymic expression of fgal also affects Treg levels. Analysis of
splenocytes for CD4*25*Foxp3* cells showed similar levels (= 3-4%) in both the fgalTCR
and arrfgal x BgalTCR mice but ROSA26 x BgalTCR mice had four times as many Tregs
[40].

Given the drastic effects that even a modest level of thymic fgal expression has on fgalTCR
T cells, it seems likely that any expression of fgal in the arrpgal thymus would result in
phenotypic and/or functional changes in fgalTCR T cells. Although it appears that pgalTCR
T cells lack evidence for any recognition of photoreceptor fgal, it is clear that retinal Ag
does impose immune regulation upon them that is independent of the thymus, as evidenced
by the altered DTH response discussed above. Further, we have noted that none of our Bgal
x Bgals-specific TCR double Tg mice develop spontaneous EAU and immunization
protocols that induce EAU in arrfgal mice failed to generate disease in arrfgal x fgalTCR
double Tg mice [40, 44]. Given that 80-90% of the CD4* T cells in these mice carry the
TCR specific for fgal, these results suggest that disease protection resulted from pgal-
specific Tregs generated from naive, Bgal-specific T cells in the periphery.

The use of recombination-activating gene knockout mice (Rag™"), which lack endogenous
Tregs, furthered the analysis of the ability of retinal Ags to generate iTregs. Although the
issue is still unsettled, there is evidence that Foxp3* Tregs can develop in the periphery of
lymphopenic hosts from CD25™ precursors [45, 46] and that there is positive selection of a
significant number of CD4"25*Foxp3* cells in thymus of TCR x cognate Ag double Tg
mice on the Rag™~ background when cognate Ag is expressed in the thymus [47, 48].
Accordingly, we analyzed splenocytes and thymocytes from pgal TCR x Rag™~ and arrpgal
x Bgal TCR x Rag™~ mice [40]. Comparing these mice, there was no difference in the level
of CD4*25*Foxp3* cells from the spleen and no discrete population of CD25"Foxp3™ cells
could be identified in either thymus. We then analyzed T cells from Rag™~ and arrBgal x
Rag™~ mice transferred with naive CD25~ T cells from Bgal TCR x Rag™~ mice. Although
about twice as many T cells could be recovered from Rag™" versus arrpgal x Rag™~ mice
the percentage of T cells that were CD25*Foxp3* was similar (= 4%) between the types of
recipient mice. Thus, while cells with the Treg phenotype can develop in Rag™~ mice from
either endogenous or transferred precursors, the similarity between Rag™~ and arrpgal x
Rag ™/~ mice suggests that there is no expression of thymic gal to skew the Treg population.

The phenomena in immunocompetent mice of fgal TCR T cells appearing ignorant of
photoreceptor pgal, yet capable of developing a population of Tregs that can modulate DTH
responses and disease induction, is repeated when the mice are placed on the Rag™~
background. The inhibition of the DTH response in arrfgal x BgalTCR versus pgalTCR mice
is also seen in arrpgal x gal TCR x Rag™~ versus pgalTCR x Rag™~ mice (Fig. 2B) [40].
Since these mice are on the Rag™~ background, the Tregs could only have been generated
from the BgalTCR T cell population. Further evidence that retinal Ag can induce functional,
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Ag-specific Tregs in the periphery came from analysis of the DTH response in Rag™~ and
arrBgal x Rag™~ mice transferred with naive CD25~ T cells from fgal TCR mice. Although
both types of recipients developed a similar percentage of Tregs, the Rag™" recipients had
an unusually strong and progressive response when ear tested with fgal while, in contrast,
arrBgal x Rag™" recipients exhibited a smaller, self-limiting response (Fig. 2C) [40]. The
addition of CD25" T cells from B10.A mice to the fgalTCR CD25~ T cells did not alter the
DTH response in either Rag™~ or arrBgal x Rag™" recipient mice (Fig. 2C) suggesting that
it is the generation of pgal-specific Tregs that is necessary for the reduction in DTH.
Together, these experiments provide strong evidence for the ability of retinal pgal to impose
peripheral tolerance on Ag-specific T cells since the Rag™~ background requires that Teffs
and Tregs be generated from the same mature, peripheral fgalTCR T cell precursors.

The Presence of the Retina is Critical for Treg Mediated Immunoregulation

Summary

The idea that retinal Ags induce an iTreg mediated immunoregulation led to the prediction
that manipulations to the retina should alter the tolerance towards retinal Ags. Since greater
than 99.9% of the Pgal in arrfgal mice is found in the retina, enucleation (removal of the
eyes) provided an effective method for testing the role of the retina in the generation of
retinal Ag-specific iTregs. Initial experiments involved enucleation of fgal Tg or control
B10.A mice followed by irradiation to eliminate existing T cells, including Tregs. When
tested five months later, enucleated arrgal mice had lost the ability to limit DTH after
immunization and subsequent challenge with Bgal, whereas enucleated ROSA26 mice had
retained their ability to limit DTH [40]. Conversely, in experiments that did not involve
irradiation, arrBgal x pgalTCR x Rag™~ mice four months post-enucleation maintained the
ability to limit pgal-induced DTH compared to both normal and enucleated Bgal TCR x
Rag ™/~ mice (unpublished observation). These results indicated that retinal Ags induce a T
cell mediated immunoregulation and the presence of the retina is required to generate, but
not maintain, retinal Ag-specific Tregs. In subsequent experiments designed to determine
whether the quiescent, unirradiated retina can generate Tregs de novo from mature T cells,
arrBgal x Rag™~ mice that were transferred with CD25~ Bgal TCR T cells were significantly
limited in their DTH response compared to similarly transferred enucleated arrpgal x Rag™~
mice (Fig 3A). Further, treatment of the transferred arrpgal x Rag™~ mice with anti-CD25
antibody after the initial DTH assay resulted in a loss of DTH inhibition to subsequent
challenge with Bgal (Fig. 3B) [40]. Since none of these described experiments involve any
manipulation of the thymus it seems clear that retinal Ags can elicit immune regulation from
mature, peripheral T cells.

Retinal immune privilege is the sum of a variety of immunoregulatory mechanisms. Our
studies show that Tregs generated in the periphery to retinal Ags are an important
component of retinal immune privilege as evidenced by our findings that they can limit
DTH responses and autoimmune pathology associated with retinal Ags. While fundamental
questions about the origin and function of the antigen presenting cells that gather retinal Ag
and the actual site of Treg generation remain, our work demonstrates that the retinal origin
of the Ag can induce Tregs independent of the thymus.
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Fig. (2). Inhibition of the DTH (ear swelling) responsetofgal in arrpal mice
A. ACAID-induced and spontaneous downregulation of the DTH response to Bgal. Indicated

strain of mice were given a primary challenge either by immunization (Bgal + CFA) or by
infection (Bgal vaccinia virus). Where indicated, some mice were given an injection of saline
or pgal into the anterior chamber of the eyes to induce ACAID seven days prior to the
primary challenge. All mice were given a second challenge of Bgal into the ear pinna seven
days after the primary challenge and DTH was assayed by ear swelling 48 hours later. All
results given as mean + SD, * = p < 0.05 (t test) compared to similarly treated B10.A mice.
B. DTH inhibition is mediated by arrpgal CD3*4*25* T cells. B10.A mice were transferred
with the indicated fraction of arrpgal splenocytes and infected one day later with pgal
vaccinia virus. DTH was assayed by ear swelling four weeks post-infection and measured at
48 hours. All results given as mean + SD, * = p < 0.01 (t test) compared to mice transferred
with whole splenocytes, NS = not significant (p > 0.05).
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Fig. (2). Peripheral generation of Tregstoretinal Ags

A. DTH (ear swelling) response in Bgal TCR and arrfgal x fgalTCR mice 48 hours after
injection of Bgal into the ear pinna. Where indicated, the mice were depleted of CD25" T
cells prior to ear testing. All results given as mean + SD, * = p < 0.01 (t test) compared to

normal pgal TCR mice and CD25-depleted mice. B. DTH response in fgalTCR x Rag™~ and
arrBgal x pgal TCR x Rag™~ mice at 48 hours after fgal injection. All results given as mean
+SD, * = p < 0.01 (t test) compared pgal TCR x Rag™~ mice. C. DTH response in Rag™~
and arrpgal x Rag™'~ mice transferred with CD25~ pgal TCR T cells with (bottom) or without
(top) CD25* B10.A T cells. Mice were ear tested ten weeks post-transfer. Results are given
as mean, p < 0.02 (t test) between Rag™~ and arrpgal x Rag™~ recipients for both transfers
at each day post-ear test.
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Fig. (3). Presence of theretina drives the formation of retinal Ag-specific Tregs
A. DTH (ear swelling) response in recipient mice transferred with CD25~ fgalTCR T cells.

Enucleation was done seven days prior to transfer and ear testing was done eight weeks
post-transfer. Results are given as mean, p < 0.01 (t test) for arrpgal x Rag™~ versus
enucleated arrfgal x Rag™~ mice at each day post-ear test, p < 0.01 for arrpgal x Rag™/~
versus Rag™~ for days 2—6 post-ear test. B. CD25* T cells inhibit DTH in non-enucleated
arrBgal x Rag™~ mice. Mice from A were rested for nine days after ear testing, treated with
anti-CD25 antibody, and then ear tested again. Results of ear tests, 48 hours post-fgal
injection in mice pre or post CD25* T cell depletion, are given as mean. NS = not significant
(p > 0.05).
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