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Resting CD8 T cells recognize [3-galactosidase expressed in the
immune-privileged retina and mediate autoimmune disease
when activated
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SUMMARY

Although the expression of class II major histocompatibility complex (MHC) in retina is
extremely low, it is an established fact that activated CD4 T cells, specific for retinal antigens
(Ags), mediate experimental autoimmune uveoretinitis (EAU). Conversely, CD8 T cells have
not been shown to recognize Ag in the retina. This study investigated whether retinal-specific
Ags are detected by class I MHC-restricted CD8 T cells. Using a CD8 T-cell clone (33) specific
for an immunodominant epitope of 3-galactosidase (3-gal), local Ag recognition was shown
by transfer of activated 33 cells into 3-gal transgenic (Tg) mice expressing (3-gal in the retina
(hi-arr-f3-gal mice), or in the brain and eye (GFAP-3-gal mice). 3-gal-positive photoreceptor
cells were damaged in the retina of hi-arr-3-gal mice, and anterior segment disease was found
in the eyes of GFAP-{3-gal mice. Ag recognition by resting CD8 T cells was also evaluated.
Recovery of 5(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE)-labelled 33 cells
from hi-arr-f-gal mice was slightly decreased compared to recovery from B10.A mice, while
recovery from GFAP-f3-gal mice was transiently increased. Conversely, recovery of CFSE™
cells increased in hi-arr-f3-gal mice, consistent with an Ag-dependent response. The CFSE
content of the CFSE" population was unchanged relative to B3 cells recovered from controls.
Intracellular cytokine responses of 3 cells recovered from hi-arr-f-gal and GFAP-{3-gal
mice correlated with the number of cells recovered, regardless of CFSE content. Even though
their production of interferon-y and tumour necrosis factor-oa was affected little by transfer
into hi-arr-f3-gal recipients, the ability of 33 cells to mediate delayed-type hypersesitivity was
inhibited in hi-arr-3-gal mice. These results show that resting CD8 T cells are affected by the
presence of Ag that originates in retina and, when activated prior to transfer, mediate
pathogenic autoimmunity against retinal and other ocular targets.
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INTRODUCTION

The critical role of the retina in vision, combined with its
delicate and non-regenerative nature, has led to the development
of endogenous mechanisms that protect the retina from the non-
specific tissue damage associated with immune responses.
Several mechanisms contribute to retinal immune privilege,
including immunoregulatory responses that are both similar
to"? and different from® those observed following the inocula-
tion of antigen (Ag) into the anterior chamber of the eye
[anterior chamber-associated immune deviation (ACAID)].*
There is also Fas ligand expression in retina,” limited class II
major histocompatibility complex (MHC) expression,® and
variable thymic expression of retinal Ags.” A regulatory role
is also postulated for resident retinal microglia (MG).®

Our previous studies investigated interactions between retinal
Ags and the immune system in non-inflamed eyes, avoiding
mechanical disruptions. Through the transgenic (Tg) expression
of Escherichia coli (3-galactosidase ([3-gal) in mouse retina, we
showed that resting, CD44hi, CD4 T cells, specific for an
immunodominant epitope of [-gal, gave no evidence of Ag
recognition when it was solely expressed in retina.” The T cells
survived for many weeks with no apparent differences when
compared with T cells inoculated into non-Tg mice. Conversely,
B-gal-specific activated CD4 T cells induced experimental auto-
immune uveoretinitis (EAU) in mice expressing B-gal in retina.'®

Issues concerning retinal immune privilege are not limited to
CD4 T cells, as interactions between retinal Ags and CD8 T
cells remain largely unexplored. While class I MHC expression
is limited in retina, it is abundant relative to class I MHC.''~'#
Immunologically quiescent retina lacks conventional dendritic
cells (DCs),'® and there is no known circulation of cells with
Ag-presentation potential from the parenchyma of quiet retina
to lymph nodes (LNs). Although retina possesses MG and
perivascular cells, similar to those found in brain,&ls’16 there
is no evidence that these cells carry retinal Ags out of the retina.
In this study we investigated whether Ag-specific CD8 T cells
are inhibited in their recognition of retinal Ags, and if their
properties are altered by residence in hosts with retinal Ag
expression. Using a CD8 T-cell clone specific for an immuno-
dominant epitope of (-gal, we found that CD8 T cells are
capable of a limited response to Ag expressed in retina, which is
much less vigorous than the response to Ag expressed in other
sites.

MATERIALS AND METHODS

Mice

hi-arr-B-gal, ROSA26 and GFAP-B-gal Tg mice have been
described in detail previously.>*'® Briefly, under control of
the arrestin promoter, homozygous hi-arr-B-gal mice exhibit
high levels of retinal -gal expression (150-200 ng/retina),
some pineal gland expression (<0-5 ng/pineal) and slight X-
gal-detectable expression in a few cells in a small area of brain.’
No other systemic expression of (3-gal has been found in hi-arr-
B-gal mice. Expression of 3-gal in ROSA26 mice is regulated
by an embryonic promoter, leading to low, but widespread,
B-gal expression that varies greatly between tissues in adult
mice. GFAP-B-gal mice express [3-gal primarily in the brain,
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eye and optic nerve, based on the activity of the GFAP promoter,
but not in thymus or elsewhere.'” Little of the ocular expression
in the eyes of GFAP-3-gal mice is present in the retina; most is
in the optic nerve, cornea and lens.® All B-gal Tg mice were
backcrossed for at least 10 generations onto B10.A mice
(Charles River, Wilmington, MA), providing an MHC known
for immune reactivity to 3-gal and the EAU-permissive B10
background. B10.A mice and Tg-negative littermates were used
as controls. Mice were handled in accordance with the Associa-
tion for Research in Vision and Ophthalmology (ARVO) State-
ment for the Use of Animals in Ophthalmic and Vision
Research, and University of Minnesota animal use and care
guidelines. The mice were housed under specific pathogen-free
(SPF) conditions on lactose-free chow.

Generation of the 3 CDS8 T-cell clone

CD8 T cells specific for an immunodominant, L-restricted
epitope of B-gal (TPHPARIGL)'®'® were prepared from sple-
nocytes harvested from VSC 56-vaccinated female B10.A mice.
VSC 56 is a recombinant vaccinia virus expressing [3-gal under
control of the synthetic early/late promoter, obtained from the
laboratory of Dr J. Yewdell.?® A total of 5 x 10° plaque-
forming units (PFU) were inoculated intraperitoneally (i.p.)
per mouse. Spleen and LN were harvested 21 days postinocula-
tion for T cells and Ag-presenting cells (APC). Splenic APC
were incubated at 37° for 1 hr with 0-01 pM B-gal peptide,
irradiated (2000 rads), washed, mixed with an equal number of
non-irradiated spleen and LN cells, and cultured in RPMI-1640
supplemented with 1 mg/ml glucose, 100 pg/ml sodium pyr-
uvate, 50 uM 2-mercaptoethanol (2-ME), 100 U/ml penicillin,
0-1 mg/ml streptomycin, 35 pg/ml gentamicin, 1X minimal
essential medium (MEM), non-essential amino acids, and
5% fetal calf serum (FCS). After this initial stimulation, T-cell
clones were isolated by limiting dilution. Ag-responsive clones
were subjected to restimulation on a 10-14-day cycle, with
10 U/ml interleukin (IL)-2 added 24 hr after each restimulation
with B-gal peptide-pulsed, irradiated, splenic APC. A cytotoxic
CD8 T-cell clone was chosen and designated [33.

In vitro T-cell analysis
Proliferation assays were carried out in 96-well plates using
5 x 10° irradiated (3000 rads) splenic APCs and 5 x 10*
B3 CD8 T cells in 0-2 ml of RPMI-1640. Irradiated spleen
cells were pulsed with (3-gal peptide for 1 hr, washed and mixed
with B3 cells. IL-2 (10 U/ml) was added at the 24-hr time-point,
as indicated. Cells were pulsed at 48 hr with [*H]thymidine, and
incorporation of [3H]thymidine was counted at 72 hr.
Cytotoxic function of B3 cells was assayed using P815 cells
in a non-radioactive TdT-mediated biotin-dUTP nick-end label-
ling (TUNEL) assay.>'* The P815 targets (DBA/2 mouse
mastocytoma positive for LY MHC class 1) were pulsed for
1 hr with either 1 puM B-gal peptide or medium only. The P815
cells (2 x 10%/well) were washed and then cultured with Ag-
activated B3 cells (0-8 x 10%/well) for 2 hr. Apoptosis was
measured by the TUNEL assay using flow cytometry to detect
incorporation of fluorescein-dUTP by TdT into fragmented
DNA using the In Situ Cell Death Detection Kit, Fluorescein
(Roche Diagnostics, Indianapolis, IN) and according to the
manufacturer’s instructions, which were closely based on those
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of Sgonc et al.> Prior to the permeabilization and fixation steps,

the cell mixture was incubated with phycoerythrin (PE)-labelled
anti-H-2K¥, peridinin chlorophyll protein (PerCP)-labelled anti-
CD3 and allophycocyanin-labelled K-2K*. Specific analysis of
label incorporation into the P815 cells was carried out by
excluding the H-2K*- and CD3-positive B10.A T cells, and
including the H-2K%-positive P815 cells. Two positive controls
were included. First, DNAse I treatment after the fixation step
was used to induce breaks as a control for the TUNEL portion of
the assay. Second, incubation of the P815 cells in 40 pM
camptothecin for 2 hr, followed by the TUNEL assay, was used
to provide a positive control for apoptosis.

CFSE labelling and adoptive transfer

Resting B3 cells were harvested from cultures, washed and
resuspended to 5 x 107 cells/ml in phosphate-buffered saline
(PBS). 5(6)-Carboxyfluorescein diacetate N-succinimidyl ester
(CFSE; Molecular Probes, Eugene, OR) was added to a final
concentration of 4 puM and the cells were incubated for 10 min
at 37° with mixing. The reaction was stopped by the addition of
10-15 ml of RPMI-1640 containing 10% FCS. The cells were
washed and resuspended to 5 x 107 cells/ml in saline. Reci-
pient mice received 5 X 10° cells, in a 0-1-ml volume, via
intracardiac (i.c.) injection under deep anaesthesia. Recipient
mice were not irradiated.

Flow cytometry and intracellular cytokine analysis
Splenocytes were prepared from minced spleen, subjected to red
blood cell lysis by the addition of 0-17 M NH,4Cl, washed with
PBS and resuspended to 100 pl in fluorescein-activated cell
sorter (FACS) buffer (PBS containing 2% FCS and 0-02%
sodium azide); 0-5-4 pl of the appropriate fluorescence-
labelled antibody (Pharmingen, San Diego, CA) was then
added. Splenocytes were incubated for 30 min on ice, washed,
resuspended in FACS buffer and analysed in a FACS Calibur
flow cytometer using CELLQUEST software (Becton-Dickinson,
San Jose, CA). Where indicated, staining of splenocytes with
the APC-labelled H-2LYTPHPARIGL tetramer (NIAID;
National Tetramer Core Facility, Atlanta, GA) was performed
for 30 min, on ice, prior to staining with other antibodies.
Intracellular cytokine analysis for interferon-y (IFN-y) and
tumour necrosis factor-a (TNF-a) was carried out with Kits
purchased from Pharmingen and used according to the manu-
facturer’s protocols.

Histopathology

Eyes were enucleated and fixed in neutral-buffered 10% for-
malin for a minimum of 48 hr, dehydrated through a graded
alcohol series and embedded in paraffin. Sections were cut
through the papillary-optic nerve axis and stained with haema-
toxylin and eosin (H & E). The slides were examined, in a
blinded manner, by an ophthalmic pathologist (C.C.C.). Inci-
dence and severity of disease were graded on a scale of 0—4, in
0-5-point increments, based on the type, size and location of
lesions in the eye. The scores were as follow: Trace, limbitis and
mild keratitis; Grade 1, keratitis, iridocyclitis and vitritis; Grade
2, Grade 1 + loss of peripheral photoreceptors < 0-03 mm in
length; Grade 3, Grade 1 + loss of peripheral photoreceptors >
0-03 mm; Grade 4, Grade 3 + retinal folds.

Ear swelling measurement of delayed-type

hypersensitivity (DTH)

Using a 30-gauge needle, mice were given an intrapinna injec-
tion of 100 pg of B-gal peptide, prepared in 10 pl of saline, in
the left ear, and injected with saline only in the right ear. After
24 and 48 hr, ear thickness was measured using a micrometer
(Mitutoyo, no. 227-111; Mitutoyo, Kawasaki, Japan). The
difference in ear thickness caused by a DTH response to Ag
was determined by measuring the thickness of the left ear and
subtracting the thickness of the right ear.

RESULTS
In vitro analysis of 33 T-cell responses

To generate MHC class I-restricted CD8 T cells, spleen and LN
cells were cultured from B10.A mice 21 days after inoculation
of the mice with recombinant, [3-gal-expressing vaccinia virus.
A clone (33) was developed that gave a strong, IL-2-dependent
response to the 3-gal peptide (Fig. 1). Cytotoxic T lymphocyte
(CTL) function of B3 cells was assessed by the TUNEL assay
using fluorescein isothiocyanate (FITC)-conjugated thymidine
and flow cytometry. Representative results are shown in Fig. 2.
Increasing numbers of @33 cells resulted in higher levels of
apoptosis in cultures with peptide-bearing P815 cells compared
with control P815 cells alone or control P815 cells 4+ B3 cells
(Table 1). Together, these results show that 33 cells recognized
[3-gal peptide and were cytotoxic for cells bearing the (3-gal
peptide.

Local recognition of (3-gal in vivo

Based on EAU models, in which adoptive transfer of activated
CD4 T cells specific for retinal Ags can induce retinal inflam-
mation, 33 cells were activated in vitro with peptide-incubated
APC and inoculated into 3-gal Tg mice and control mice.
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Figure 1. 3 cell proliferative response. The concentrations of {3-
galactosidase (3-gal) peptide used to pulse the splenic antigen-present-
ing cells (APCs) are indicated. Interleukin-2 (IL-2) was added, as
indicated, to a final concentration of 10 U/ml. c.p.m., counts per minute.
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Figure 2. Induction of apoptosis in peptide-pulsed P815 cells by 33 cells
was measured by the TdT-mediated biotin~dUTP nick-end labelling
(TUNEL) assay using fluorescein isothiocyanate (FITC)-conjugated
dUTP and flow cytometry. (a) TUNEL control; background apoptosis
in P815 cells only (P815, unshaded profile), and DNAse I control (P815 +
DNAse, filled profile). (b) Positive control for apoptosis; P815 cells only
(unshaded) versus P815 cells incubated with camptothecin (P815 +
campto; filled profile). (c) Induction of apoptosis by 8 x 10° B3 cells;
P815 cells only (unshaded), P815 + 33 cells (grey shaded), and peptide-
pulsed P815 cells + B3 cells (black filled). (d) Induction of apoptosis by
1 x 10° B3 cells. TUNEL-labelled apoptotic cells (FITC ") are designated
by the bracket (F+). The results of a single determination are shown. The
results of all experiments are summarized in Table 1.

Activated T cells damaged the retina of hi-arr-B-gal mice
(Fig. 3a—3c), showing that they gained access to the target
tissue and that local Ag presentation occurred. In addition to
a mild ocular inflammation, including limbitis, iridocyclitis and
vitritis, the most consistent finding was loss of photoreceptor
cells with sharp demarcation in the peripheral retina of hi-arr-3-
gal mice. A mean score of 2-0 was found. The disease incidence
is summarized in Table 2. Disease induction was dependent on
the transfer of activated 33 cells. Even though Ag expression in
hi-arr-B-gal mice is abundantly distributed throughout the
photoreceptor cells of the retina, there was selective loss of
photoreceptor cells in the peripheral retina, which was accom-
panied with relatively little inflammatory infiltration. This
contrasts with the immunopathology found on the CD4 T cells
in these mice.'? The selective loss of peripheral photoreceptor
cells in the hi-arr--gal mice may result from migration of 33

Table 1. Analysis of the cytotoxic T-lymphocyte (CTL) function
of B3 cells

Number of B3 cells added

1x10° 2x10° 4x10° 8x 10°
P815/B3 22:6 24.7 26-3 34.3
P815/peptide/B3 60-0 67-4 86-0 95.1

Results are expressed as percentage of apoptotic P815 cells. The background
apoptosis of P815 cells was 2-3%.

© 2003 Blackwell Publishing Ltd, Immunology, 110, 386-396

Table 2. Incidence of ocular pathology

Transferred B3 T cells

Recipients Activated Resting
hi-arr-3-gal 12/25% 0/29%
GFAP-B-gal 19/33% 0/31§
B10.A 0/119 0/19%*

Values shown represent the incidence of inflammation: positive mice/total
mice.

The following P values were calculated using the two-tailed x>-test: *versus
= <0-001; fversus §= < 0-001; *versus {= 0-69 (not significant); **versus
4= 0-029; fversus = 0-016.

effector cells from the adjacent ciliary body, bypassing the
blood-retinal barrier formed by the retinal pigment epithelium
(RPE) and retinal vascular endothelium.

Disease was also found in the eyes of GFAP-B-gal mice
receiving activated 33 T cells. The anterior segment diseases of
keratitis and cataracts were identified, reflecting expression of
B-gal in the cornea and lens epithelia. A wide range of disease
severity was found, from a mild limbitis to severe, destructive
inflammation of the cornea and iris (Fig. 3e—3g). The mean
score of disease was 1-0. Although there is a low level of 3-gal
expression in retinal astrocytes, there was evidence of retinal
involvement in only a few eyes. Despite extensive expression of
B-gal in the brains of GFAP-f3-gal mice, no neurological signs
were observed, and no significant infiltrates of the central
nervous system (CNS) were found (data not shown). Tissue
damage resulting from Ag recognition by (33 cells is almost
entirely limited to the anterior segment of these eyes. This may
be a result of the abundance of DCs in the anterior segment>*2°
and their relative absence from the other sites. The disparity
between sites of immunopathology found upon transfer of
activated, (3-gal-specific CD8 T cells into the (3-gal Tg mice,
and the sites and levels of B-gal expression, demonstrates that
there are potent differences in the local regulation and pre-
sentation between the individual tissues of the eye and CNS.

Survival and response of resting 3 cells in mice

To determine if resting 33 cells recognize Ag in vivo, resting 33
cells were transferred to control and Tg mice. Spleens were
harvested at intervals from 1 to 45 days post-transfer. As a
control, recovery of 33 cells from B10.A mice inoculated with
B-gal peptide was also analysed. Preliminary studies showed
that very few 33 cells could be recovered from the LN or blood
of any mouse, consistent with their lack of CD62L expression
(data not shown). Representative analyses for day 4 (Fig. 4a—4d)
and day 23 (Fig. 4e—4h) harvests are shown, as well as the
combined results (Fig. 4i,4j). Compared with recovery from
normal B10.A mice (Fig. 4a,4c), there was a 1-8-fold increase
in the number of cells recovered 1 day after peptide adminis-
tration, followed by the almost complete loss of CFSE™ T cells
by day 4 from spleens of B10.A mice inoculated i.p. with
300 pg of B-gal peptide (Fig. 4b,4d). ROSA26 mice were also
used as controls to show that endogenous (3-gal in tissues
without immune privilege was recognized by resting 33 cells
(Fig. 4h). A summary of the results at all time-points is shown in
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Figure 3. Histopathology in hi-arr-f3-gal and GFAP-$-gal mice follow-
ing transfer of activated B3 T cells. (a)—(d) hi-arr-B-gal mice; (e)—(g)
GFAP-B-gal mice; (h) B10.A control. (a) A hi-arr-B-gal recipient of
5 x 10° activated B3 cells harvested 23 days post-transfer. Mild vitritis
(red arrow), focal retinal vasculitis (green arrow) and a small area of
peripheral photoreceptor cell loss (black arrow) are shown. (b) A hi-arr-
B-gal recipient of 5 x 10° activated B3 cells harvested on day 36 post-
transfer. A larger area of peripheral photoreceptor cell loss (arrows),
with minimal inflammation, is shown. (c) A hi-arr-B-gal recipient of
5 x 10° activated B3 cells harvested on day 34 post-transfer. The loss of
photoreceptor cells in the periphery is complete and abrupt (arrow). (d)
Normal retina of a hi-arr-B-gal recipient of 5 x 10° activated B3 cells
harvested on day 36 post-transfer. () A GFAP-B-gal recipient of
5 x 10° activated B3 cells harvested 25 days post-transfer. Significant
iritis resulting in destruction of the normal architecture and anterior
synechiae. (f) Severe inflammation in the anterior segment, showing
keratitis, iridocyclitis and limbitis, on day 25 post-transfer. (g) A focal
lesion at the subepithelial space of the cornea (arrow) on day 25 post-
transfer. (h) Anterior segment of a normal B10.A control.

Fig. 4(i). The rapid and almost complete loss of CFSE™ cells in
the ROSA26 mice and peptide-treated mice probably results
from a combination of cellular proliferation and migration out
of the spleen.

Recovery of CFSE™ B3 cells from the spleen was also used
to detect recognition of Ag located in immune-privileged sites.
Representative results (on day 23 post-transfer) are shown in
Fig. 4(e)—4(h), and suggest a low level of encounter between the
CDS8 T cells and (3-gal of retinal origin. Compared with B10.A
control mice, there was a trend towards a reduction in the
number of CFSE™ B3 cells recovered from hi-arr-B-gal mice

by day 20 (Fig. 4j). The decline, relative to that in B10.A
controls, stabilized at this level for the duration of the experi-
ment (45 days). There was a transient increase in the number of
CFSE™ B3 cells recovered from GFAP-B-gal mice compared
with control mice, and this difference was significant when
compared to the number recovered from both normal B10.A and
hi-arr-3-gal mice.

When examined for CFSE staining intensity, there were no
significant differences in the geometric mean fluorescence index
(GMFI) between CFSE ™ cells recovered from control, hi-arr-3-
gal, or GFAP-[3-gal mice, even though differences were found in
the number of CFSE™ cells recovered (Fig. 4e—4g). We pre-
dicted that the presence of endogenous Ag would increase the
overall rate of CFSE decay, but few cells were found at
intermediate CFSE staining levels. We interpret these results
as evidence that individual B3 cells underwent Ag-dependent
responses, which, once initiated, were sufficient to dilute their
CFSE to background levels and/or lead to migration from the
spleen, reducing their recovery. This is analogous to reports
demonstrating that naive CD8 T cells, under conditions of
limited, brief Ag exposure, are committed to a period of
proliferation and acquire memory/effector functions.?*~28
While the intensity of CFSE staining of the overall $3 cell
population residing in hi-arr-B-gal mice declined, like that of
control mice, an accumulating number of cells appear to have
responded, becoming CFSE™. A proportion of these were found
as an increase in the tetramer-positive cells in the spleen (see
below). We propose that this type of decay in CFSE staining
results from a limiting number of Ag-bearing APCs, each
presenting sufficient Ag to initiate responses in only a very
small fraction of the total B3 cells. If such APCs exist, it seems
probable that they originate in the retina (or in the CNS, in the
case of the GFAP-B-gal mice), and interact with T cells outside
the eye. Regardless of the mechanism that results in loss of the
B3 cells, the important result is that there are small, but
measurable, consequences of T-cell/Ag interaction occurring
in the hi-arr-B-gal mice.

Retinal -gal recognition by resting 33 cells produces a
small number of CFSE™~ tetramer ™ cells

To further evaluate the recognition of retinal B-gal by CD8' T
cells, CFSE-labelled B3 cells were transferred into Tg and
control mice. After 13 days, spleens were harvested. 33 cells
were identified by their ability to bind an APC-labelled L%/B-gal
peptide tetramer (Fig. 5a) and then analysed for CFSE content.
As a positive control for (3-gal recognition, some mice received
B-gal peptide 3 days after transfer. L! tetramers are known to be
difficult to use, probably based on their unusual binding proper-
ties.?’ However, a small shoulder of tetramer-stained cells was
found in recovered splenocytes (Fig. 5a). Although this con-
tributed to a high background, use of controls confirmed that the
B3 cells were being detected. The number of tetramer positive
(tett) CFSE™ cells, tet™ CFSE™ cells and the ratio of these two
populations, were compared.

Peptide-inoculated and normal control recipients. Relative
to B10.A controls, peptide-inoculated B10.A mice showed a
significant reduction in the number of CFSE™ cells, confirming
the Ag responsiveness of the cells (Fig. 5b). A relatively small
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number of tet™ CFSE™ cells were recovered from these mice,
indicating that most of the progeny induced by peptide inoculation
10 days previously were not recovered from spleen, possibly
owing to a combination of activation-induced cell death and
migration out of the spleen. Comparison of the ratio of
tet™ CFSE™~ with tet™ CFSE™ recovered cells (Fig. 5c) showed
a4-5-fold increase in the ratio of CFSE ™~ to CFSE™ cells between
the B10.A/peptide and B10.A control mice, consistent with
greater proliferation in peptide-treated mice.

hi-arr-B-gal recipients. The recovery of CFSE™ cells from
hi-arr-B-gal mice was slightly reduced relative to the recovery
of CFSE™ cells from B10.A recipients (Fig. 5b). Conversely,
there was a significant increase in the number of CFSE™ T cells
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recovered from the spleens of hi-arr-B-gal mice. A 2-5-fold
increase in the ratio of tet” CFSE™ to tet” CFSE™ cells was
found in hi-arr-B-gal mice compared with control mice,
showing greater proliferation in hi-arr--gal recipients than
in normal controls.

GFAP-B-gal recipients. The recovery of CFSE™ cells was
increased in GFAP-B-gal mice (Fig. 5b), while CFSE™ cells
showed a slight decrease compared with controls (Fig. 5b).
Unlike peptide-treated and hi-arr-3-gal recipients, the ratio of
CFSE™ : CFSE™ cells was reduced by ~50% in GFAP-B-gal
mice compared with B10.A controls, indicating less proli-
feration of 33 cells in these mice.

Based on these results, three important points can be made.
First, the outcomes of 33 cell transfer to hi-arr-3-gal and GFAP-
[B-gal recipients were different from those of B10.A recipients.
Resting CD8 T cells respond, although minimally, to Ag
expressed in retina (hi-arr-B-gal mice) and to Ag expressed
primarily in brain (GFAP-3-gal mice). Second, the responses of
B3 cells in hi-arr--gal and GFAP-$3-gal recipients were dif-
ferent from each other. Differences in the B3 T-cell response
were found, even though the total amount of (3-gal expressed per
mouse was very similar between the two types of mice, empha-
sizing the importance of the different tissue origins of the Ag.
Third, important perspective is provided by the 33 response in
ROSA26 recipients. The response to 3-gal in non-immune-
privileged sites in these recipients was vigorous, as shown by
the loss of >90% of the CFSE™ cells. Recovery of B3 cells was
too low to permit tetramer analysis.

Figure 4. Survival of B3 cells in control and transgenic (Tg) mice,
demonstrating recognition of (3-galactosidase (3-gal) in vivo by resting
33 cells. Splenocytes were harvested at the indicated time-points and
analysed, by flow cytometry, for B3 cells [CD3T CDS™ VB8™ 5(6)-
carboxyfluorescein diacetate N-succinimidyl ester (CFSE™") cells].
Representative analyses for harvests on day 4 (a—d) and day 23 (e-h)
are shown. (a—d) Resting B3 cells were transferred to B10.A recipients
on day 0. Peptide (300 pg) or saline was given on day 1, and spleens
were harvested on day 4. Scatter plots were gated on lymphocyte-sized
events that were further analysed for CD3" CD8" T cells. Positive
events were then analysed for VB8" CFSE-labelled events, as shown in
(a) (no peptide) and (b) (with peptide). CFSE™ cells are clearly visible
and were decreased in number following administration of peptide.
Events in R4, excluding the artefact ‘tail’ in RS, were analysed on
histograms (c, no peptide; d, with peptide) to provide the data for the
combined experiments (i). No events were found in the CFSE™ region in
mice not transferred with 33 cells, but the RS ‘tail’ was still present,
showing that it is not derived from the transferred cells (data not shown).
(e-h) Recovery of B3 cells from control and Tg mice 23 days after
transfer. The histograms were generated as described for panels (a)—(d),
and show the relative changes in recovery. Recipients included: (e)
B10.A; (f) hi-arr-B-gal; (g) GFAP-B-gal; and (h) ROSA26. Combined
data are shown for mice expressing B-gal in non-immune-privileged
sites (i) compared with expression in an immune-privileged site (hi-arr-
3-gal mice) (j). For each time-point, the number of B3 cells recovered
was normalized to the number recovered from normal B10.A mice at
that same time-point (defined as 100%). A non-linear regression
analysis for the hi-arr-B-gal mice is presented (dashed line, j). P-values
for selected comparisons with B3-transferred B10.A controls are indi-
cated. Each time-point in (i) and (j) represents a minimum of four mice,
each analysed individually.
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Figure 5. Analysis of transferred, 5(6)-carboxyfluorescein diacetate N-
succinimidyl ester (CFSE)-labelled 3 cells. Where indicated, the mice
received 300 pg of B-galactosidase (3-gal) peptide, in saline, intraper-
itoneally (i.p.), 3 days post-transfer. Splenocytes were harvested on day
13 and stained with anti-CD3 ™", anti-CD8™, and antigen-presenting cell
(APC)-labelled LY/B-gal peptide tetramer. CD3™ CD8™ T cells were
identified by fluorescence-activated cell sorter (FACS) and then ana-
lysed for LY/B-gal peptide tetramer staining and CFSE content. (a) Plot
of tetramer staining on splenocytes from mice that did (dark grey) or did
not (light grey) receive 33 cells. The (M) bracket represents tetramer-
positive cells, which are B3 cells that are either CFSE™ or CFSE ™. (b)
Number of tetramer-stained (33 cells recovered from the transgenic (Tg)
and control mice. The mean result is shown of four animals and six
determinations. tet*, tetramer positive. (c) Ratio of CFSE~ : CFSE* g3
cells from analyses, as shown in (b). The average of all experiments is
shown. Significance was determined by the r-test; comparisons are
indicated by the brackets. *P < 0-05; **P < 0-01.

Alteration of 33 effector function in Tg mice

Intracellular cytokine assays for the inflammatory cytokines
IFN-v and TNF-a were used to analyse the response of 33 cells
after residence in Tg or control mice. Resting CFSE-labelled 33
cells were transferred into hi-arr-3-gal, GFAP-$3-gal, or control

mice. After 10 days, mice were inoculated i.p. with peptide in
saline. Approximately 24 hr later, splenocytes were analysed
for IFN-y and TNF-a. The frequency of cytokine-positive cells
was not increased and, by 72 hr post-Ag inoculation, few
CFSE" cells could be recovered from the spleen (data not
shown). The absence of a cytokine response in the (3 cells
in vivo may be related to the systemic administration of a
minimal peptide in the absence of ‘danger signals’. Conversely,
in vitro stimulation of the recovered splenocytes with peptide-
pulsed APC revealed a strong Ag response. 33 cells were
identified as CD8' VB8" CFSE™" and analysed for production
of IFN-y and TNF-a (Fig. 6). The level of cytokine production,
as measured by the GMFI of cytokine staining by CFSE™ cells,
and the percentage of cells responding relative to the total
population of VB8' CD8™ lymphocytes, was compared. B3
cells responded to Ag stimulation by producing significant
levels of these cytokines. Plots showing representative raw data
from one GFAP-{3-gal recipient are shown (Fig. 6a—6f). When
transferred (33 cells were recovered and cultured without pep-
tide, little IFN-y or TNF-a was produced.

A majority of CFSE™ cells substantially up-regulated
cytokine production in response to peptide (from ~15% in
unstimulated samples to 75% in peptide-stimulated cultures).
The fraction of cells that responded did not differ significantly
between Tg and control recipients, but the frequency of
cytokine-producing CFSE" B3 cells from hi-arr-B-gal mice
was reduced (Fig. 6g,61), consistent with the reduced recovery
of CFSE™ cells shown above. Conversely, recovery of cyto-
kine-producing CFSE" B3 cells from GFAP-B-gal mice
showed a significant increase (Fig. 6h,6j) compared with
controls. Comparison of the GMFI for both IFN-y and
TNF-a did not reveal consistent differences between experi-
ments (data not shown).

Because an increased number of 33 cells were found in the
tet” CFSE™ population from the spleens of the hi-arr-B-gal
mice, as described above, it was possible that the cytokine
production of CFSE™ cells could be affected differently from
that of CFSE™ cells. The weak LY tetramer staining did not
survive the manipulations required for intracellular cytokine
staining, preventing direct analysis of this population. However,
the cells present in the upper left region (cytokine™
CFSE~ VB8" CD8" Fig. 6a—6f) were counted and compared.
Even though these cells cannot be positively identified as 33
cells, the number of cytokine-positive cells in this region
changed in an Ag-dependent manner, consistent with response
to the peptide. The isotype controls and unstimulated controls
allow the background to be subtracted. The peptide-dependent,
percentage increase in cytokine-positive cells (both IFN-y and
TNF-a) was significant in hi-arr-B-gal recipients relative to
B10.A recipients, but there was no significant change in GFAP-
[3-gal recipients compared with control mice (Table 3). This is
consistent with the recovery of CFSE™ B3 cells from these mice
(see Fig. 5), and suggests that the response of B3 cells to
endogenous 3-gal in hi-arr-B-gal recipients, which led to loss
of CFSE staining, did not inhibit their subsequent cytokine
response to Ag.

Even though the production of IFN-y and TNF-a by 33 cells
could not be used to distinguish between Tg and control
recipients, the ability of 3 cells to mount a DTH response
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was inhibited in hi-arr-B-gal recipients. 33 cells in hi-arr-(3-gal
mice had a reduced ear swelling response to challenge with 3-
gal peptide compared with B10.A recipients (Fig. 7). The
inhibition did not occur if the mice were ear challenged 4 hr
after B3 transfer, but was clearly observed if ear challenge was
delayed for 24 hr, indicating that the difference was induced by
residence in the Tg mice. As a series of events are required to
manifest a DTH response, it is possible that the difference
depends on an activity distinct from the cytokines we have
examined to date.
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DISCUSSION

We have used adoptive transfer of Ag-specific T cells to probe
for evidence that an Ag originating in immune-privileged retinal
tissue is expressed in a form recognized by T cells, i.e. that it
appears in a complex with MHC molecules and at levels able to
stimulate the T-cell receptor (TCR) complex with measurable
consequences. In this, and in a previous study of CD4 T cells,’
CD44" cells were chosen because of the increased ability of
memory-effector cells to recirculate widely, migrate into tissues
and be highly responsive to Ag.*°=? Previous results showed
that resting, CD44™, CD4 T cells specific for a class II
restricted, immunodominant epitope (YVVDEANIETHGMYV)
of 3-gal gave no evidence of recognition of their target Ag when
it was expressed in retina, but recognition of (-gal in other
tissues was detected by subsequent alterations in recovery of
CFSE-labelled T cells. As class I MHC is expressed at much
higher levels and more widely than class II MHC, especially in
the retina, the present study investigated whether CD8 T cells
were altered in their recognition of and response to Ag of retinal
origin. Our results show that resting CD8 T cells are more
capable of recognition of Ag derived from immune-privileged
tissue than resting CD4 T cells. The nature and magnitude of the
response was dependent on the origin of the Ag. Class I MHC
provided greater opportunity for Ag presentation and recogni-
tion. Even so, we found that such interactions were greatly
limited.

The site of interaction between the resting 33 cells and Ag is
uncertain. Resting T cells have little access to the parenchyma
of the retina,®® and there is relatively little class I MHC
expression in the parenchyma of the quiet retina. Consequently,
resting T-cell encounter with Ag may require that the Ag either
leaks out and is picked up by APC in surrounding tissues, or
exits via retinal MG or perivascular cells which have taken up
Ag, left the retina and migrated to lymphoid tissue or spleen.
There is presently no evidence for any cells performing this
function. Characterization of T-lymphocyte recognition of Ag
expressed in the retina remains critical for understanding the
mechanisms of retinal immune privilege. Evidence for Ag-
dependent, endogenous immunoregulatory activity caused by
the retinal expression of B-gal has been reported previously.’
These results indirectly demonstrate immunorecognition of Ag
expressed in normal retina. This raises difficult questions in the

Figure 6. Analysis of intracellular cytokine staining as a measure of 33
cell effector function upon recovery from hi-arr-B-gal and GFAP-$-gal
mice. Splenocytes were harvested 10 days post-transfer of CFSE-
labelled B3 cells and incubated with (0-1 pM) or without B-galactosi-
dase (3-gal) peptide for 4 hr. The cells were then stained for V8, CD8
and the indicated cytokine. Fluorescence-activated cell sorter (FACS)
analysis for cytokines was performed by gating on lymphocyte-sized
events and then gating on VB8 CD8" CFSE™ cells, using 300 000—
500 000 total events. (a—f) Example of FACS analysis on splenocytes
from a GFAP-B-gal recipient, showing the regions used for analysis.
Percentages of B3 cells are indicated. (g—j) Summary of FACS analysis
for hi-arr-3-gal and GFAP-$3-gal mice versus control mice. The number
of cytokine® CFSE™ cells from the upper right region, indicated in
panels (a)—(f), is given as the percentage of VB8 CD8* CFSE™ cells.
The data for panels (g)—(j) is the average of three to five mice per group.
*P < 0-05; NS, not significant.
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Table 3. Cytokine response of 5(6)-carboxyfluorescein diacetate N-succinimidyl ester-negative (CFSE™) 33 cells

Intracellular cytokine staining

IFN-y TNF-a
Exp. Recipient mice No peptide With peptide No peptide With peptide
1 B10.A 0-82 £ 0-42% 0-51 £ 0-10 3.20 £ 0-61 273 £ 0-87
hi-arr-B-gal 1-85 £ 1-19 266 £ 0-74 241 £ 128 529 £ 126
NSf 0-033 NS 0-020
2 BI10.A 125 £ 1-06 2:16 £ 1.77 438 £+ 0-68 3.65 £ 0-62s
GFAP-(3-gal 2-10 £ 0-89 3.09 £2:19 3.01 £ 1-50 269 £ 1-56
NS NS NS NS

*The percentage of total CD8" VB8™ from the cytokine™ CFSE™ region (see Fig. 6a—6f, upper left region).
tCalculated using the #-test; cells were recovered from B10.A versus hi-arr-B-gal mice and from B10.A versus GFAP-B-gal mice.

IFN-v, interferon-y; NS, not significant; TNF-a, tumour necrosis factor-o.

T-cell
transfer  Recipient
None B10.A ] anr
B3 cells hi-arr-B-gal :
]NS*
B3 cells B10.A
24 hr
None B10.A '—I—'
]Ns
B3 cells hi-arr-p-gal ] x
* *
B3 cells B10.A

0-00 0-03 0-06 0-09
Ear swelling (mm)

Figure 7. Development of delayed-type hypersensitivity (DTH) fol-
lowing the transfer of B3 cells is inhibited in hi-arr--gal recipient mice.
Transgenic (Tg) and control mice received 5 x 10° resting B3 cells.
One group of control mice received no cells. Either 4 or 24 hr later, ears
were inoculated with 100 pg of peptide or saline only. After 24 and
48 hr, swelling was measured on the ears. P-values are from z-tests
comparing the indicated groups. Results are from readings taken at the
24 hr time-point. *P < 0-05; **P < 0-01; NS, not significant.

case of tolerance to tissue-specific Ags expressed in retina, a
tissue that lies behind barriers, has little evidence of lymphoid
drainage, no evidence for DC surveillance, and for which the
repertoire of thymic epithelial self-expression is variable and
incomplete.”** The daily turnover of the photoreceptor cell
outer segments does provide opportunities for photoreceptor
cell Ag to enter other cells. These could be either the RPE cells,
which phagocytose and degrade the outer segment tips, or a
population of MG recently found in the subretinal space.*
There is no evidence, to date, that RPE presents outer-segment
Ags in either MHC class I or II molecules on its basal surface,
which lies outside the blood-retinal barrier.

Owing to the tight junctions of the vascular endothelial cells
and RPE cells that form the blood—retinal barrier, it does not
seem probable that Ag simply leaks out of the retina. Leakage
also seems improbable, based on the results of other studies. We
have used retroviral transduction and engraftment of bone

marrow cells to generate systemic S-Ag (arrestin) expression.
Such expression, even at levels below detection by reverse
transcription—polymerase chain reaction (RT-PCR), leads to
a reduction in the susceptibility to S-Ag-induced EAU. This
resistance is based on the transduced arrestin, despite the fact
that arrestin is concurrently expressed in the retinas of these
same animals at a level several orders of magnitude higher, but
fails to provide the same degree of protection.3 © Similar strategy
and results have been observed for EAU induced by interpho-
toreceptor retinoid-binding protein (IRBP).>’ These studies
argue that even vanishingly small amounts of retinal Ag asso-
ciated with bone marrow-derived cells outside the eye can lead
to immunoregulatory responses that inhibit EAU susceptibility.

The local recognition of retinal/CNS Ag by activated T cells
is less puzzling. The ability of activated, but not resting, CD4
and CD8 T cells, specific for any of several retinal Ags®
(including B-gal'®), to induce retinal immunopathology by
adoptive transfer, shows that local Ag recognition is possible.
A study of Ag presentation in the brain provides evidence that
activated T cells leave the vasculature and encounter Ag pre-
sented by CD45" perivascular cells,® and a similar study
suggests that the same APC is active in retina.*® As there is
no evidence for MHC class I expression on photoreceptor cells
in which the -gal is synthesized, we do not believe that the
photoreceptor cells are the direct target of the CTLs. The
photoreceptor cells are the source of Ag in the hi-arr-3-gal
mice. It is most likely that microglia, or the DEC-205" CD45"
or CD11c™ CD45™ retinal cells,' provide the initial Ag pre-
sentation using Ag scavenged from the local environment. The
ensuing response probably recruits cells from the circulation that
further support the development of inflammation and ‘bystander’
damage to photoreceptor cells, which do not regenerate.

It is possible that the pattern of histopathology we have
observed is caused by integration effects of the [3-gal gene, as
the sites of integration can alter the intended activity of the
promoter. In developing the GFAP Tg mice, for the purpose of
examining the effects of intragenic sequences on the promoter
activity, Johnson et al.'” observed that multiple founders
(B6 x SJL) produced using the C-445 construct gave expres-
sion at similar sites, including the ocular sites; the only differ-
ence was in the levels of expression at these sites. Copy number
did not affect expression, and sites of expression were found to
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closely reproduce the expression pattern of endogenous GFAP.
We backcrossed the GFAP-lacZ transgene onto B10.A, and
found no change in expression.

Expression directed by the arrestin promoter has also been
studied, and the elements found to produce expression in retinal
photoreceptor cells have been characterized.*'™* The specifi-
city of the promoter is robust in a variety of studies, leading to
expression in tissues known to express photoreceptor cell
proteins. These include rod photoreceptor cells, pinealocytes
and a small number of cells in the brain.*'"*> Characterization of
the expression after backcrossing arrestin—lacZ mice to B10.A
(hi-arr-B-gal mice) reveals the same pattern of expression.’

We have considered the possibility that the GFAP and
arrestin promoters drive [3-gal expression in other tissues at
very low levels that we have not detected. However, the disease
we have seen, to date, is consistent with the observed patterns of
expression. The other consideration in the pattern of disease is
the Ag-specific T cell. T-cell lines derived from two indepen-
dent isolations following sensitization with the [3-gal-expres-
sing vaccinia virus show similar patterns of reactivity, although
the bulk, polyclonal 34 line is more immunopathogenic than the
B3 line from which the 3 clone was derived.

Two of the results suggest the possibility of peripheral
tolerance induction in naive hi-arr-f3-gal mice. First, the inhibi-
tion of the DTH response of transferred (33 cells suggests active
tolerance in the recipients and would be consistent with our
previous observation that elicitation of DTH is inhibited in
primed hi-arr-3-gal mice.> The mechanism of inhibition
appears to differ from that of ACAID, in several respects.
Second, the relatively mild disease found by transferring the
B3 T cells would be consistent with active, peripheral tolerance
limiting the immunopathogenesis. The presence of peripheral
tolerance itself suggests recognition of retinal Ag in the naive
mouse. We are currently testing the possibility that a DC-like
cell population does sample the retinal environment and system-
atically delivers retinal antigens to extraocular lymphoid tissues
at a low rate, providing Ag recognition of quiet retina by resting
T cells, and the opportunity for Ag-specific peripheral tolerance.
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