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PURPOSE. To determine how the activation of �� T cells affects
the generation of uveitogenic �� T cells and the development
of experimental autoimmune uveitis (EAU).

METHODS. �� T cells were isolated from B6 mice immunized
with the uveitogenic peptide IRBP1–20 and �� T cells from
immunized TCR-��/� mice. Resting �� T cells were prepared
by culture of separated �� T cells in cytokine-free medium for
3 to 5 days, when they showed downregulation of CD69
expression. Activated �� T cells were prepared by incubating
resting �� T cells with anti-�� TCR (GL3) for 2 days. Responder
�� T cells were cocultured with immunizing antigen and
antigen-presenting cells. The numbers of antigen-specific T
cells expressing IL-17 or IFN-� were determined by intracellu-
lar staining followed by FACS analysis after stimulation, with or
without the addition of purified �� T cells. The cytokines in the
culture medium were measured by ELISA.

RESULTS. Highly enriched �� T cells exert widely different
effects on autoreactive �� T cells in EAU, depending on the
activation status of the �� T cells. Whereas nonactivated �� T
cells had little effect on the activation of interphotoreceptor
retinoid-binding protein–specific �� T cells in vitro and in vivo,
activated �� T cells promoted the generation of uveitogenic T
cells and exacerbated the development of EAU.

CONCLUSIONS. The functional ability of �� T cells is greatly
influenced by their activation status. Activated �� T cells exac-
erbate EAU through increased activation of uveitogenic T cells.
(Invest Ophthalmol Vis Sci. 2011;52:5920–5927) DOI:
10.1167/iovs.10-6758

The �� T cells play an active role in the regulation and
resolution of inflammatory processes associated with in-

fectious disease and autoimmunity and accumulate in the in-
flammatory lesions associated with experimental models of
autoimmune diseases.1–4 Studies have shown that �� T cells
can have either an upregulation5–8 or a downregulation9–11

effect on adaptive immune responses. This functional diversity
has been previously attributed to different �� T cell subsets

expressing distinct T cell receptors (TCRs).12–19 In addition,
the immunosuppressive activity of human �� T cells has been
shown to be reversed by exposure to Toll ligand20 or myco-
bacteria.17 Although clinical approaches have been developed
to expand the number or function, or both, of human �� T
cells as a potential therapeutic modality for cancers21 and
infections,22,23 knowledge of the mechanism by which these
cells exert their regulatory functions is still limited. This seri-
ously hampers their therapeutic use.

We have previously reported that �� T cells isolated from
mice with experimental autoimmune uveitis (EAU) can either
promote or inhibit the activation of IL-17� autoreactive T cells.
Using an EAU model, we have further shown that the relative
frequency of �� T cells and �� T cells among the responding T
cell population determines the outcomes—fewer �� T cells
enhance the �� T cell response whereas higher numbers of ��
T cells inhibit it.24,25 In the present study, we showed that the
effect of �� T cells critically depends on their state of activa-
tion. In examining the generation and activation of uveitogenic
�� T cells, we found that nonactivated �� T cells have little
effect on �� cells, whereas activated �� T cells promote the
activation of uveitogenic �� T cells and enhance EAU devel-
opment.

MATERIALS AND METHODS

Animals and Reagents

Pathogen-free female C57BL/6 (B6) and �� TCR-��/� mice (12–14
weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME)
and were housed and maintained in the animal facilities of the Univer-
sity of Southern California. Institutional approval was obtained, and
institutional guidelines regarding animal experimentation were fol-
lowed. Recombinant murine IL-2 and IL-23 were purchased from R&D
Systems (Minneapolis, MN). The human interphotoreceptor retinoid-
binding protein peptide IRBP1–20 was synthesized by Sigma (St. Louis,
MO), and complete Freund’s adjuvant (CFA) was obtained from the
same source. Fluorescein isothiocyanate (FITC)-conjugated anti-mouse
IL-17 antibodies and FITC-anti-mouse IFN-�, PE-anti-mouse CD69, and
PE-anti-mouse CD62L antibodies were purchased from BioLegend (San
Diego, CA).

EAU Model

The method for induction of EAU and the scoring of clinical symptoms
has been described previously.24,26,27

Preparation of Resting and Activated �� T Cells

�� T cells were purified from IRBP1–20 immunized B6 mice.24,25,28

The newly isolated �� T cells expressed modest levels of CD69 and
were partially activated. Resting cells were harvested from this
isolate after culture in cytokine-free medium for 3 to 5 days, when
they showed downregulation of CD69 expression. Activated �� T
cells were prepared by incubating the resting �� T cells with
anti-��TCR (GL3) and anti-CD28 antibodies (2 �g/mL) for 2 days.
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Resting �� T cells do no produce IL-17 and express low levels of
CD69 but high levels of CD62L, whereas activated �� T cells
produce IL-17 and express CD69 at increased and CD62L at de-
creased levels. Highly activated cells also downregulated TCR ex-
pression and expressed major histocompatibility complex (MHC)
class II molecules, as we previously reported.28

Preparation of �� IRBP1–20-Specific Responder
T Cells

��-free IRBP1–20-specific responder T cells were obtained from IRBP1–20-
immunized TCR-��/� mice. Briefly, at 13 days after immunization, T
cells were isolated from lymph node cells and spleen cells by passage
through a nylon wool column and stimulated in vitro with the immu-
nizing antigen under either Th17 (culture medium containing IL-23) or
nonpolarizing conditions.

Assessment of Antigen-Specific T Cell Responses

Responder �� T cells (1 � 106/well) were cocultured with IRBP1–20

(10 �g/mL) and antigen-presenting cells (APCs) (irradiated spleen
cells) in a 24-well plate, with or without the addition of 2% (2 �
104/well) purified �� T cells. Then cytokines in the culture medium
were measured by ELISA after 2 days of stimulation, and the numbers
of antigen-specific T cells expressing IL-17 or IFN-� were determined
by intracellular staining followed by FACS analysis after 5 days of
stimulation.

Immunofluorescence Flow Cytometry

Aliquots of 2 � 105 cells were double-stained with combinations of
FITC- or PE-conjugated monoclonal antibodies. Data collection and
analysis were performed on a flow cytometer (FACScalibur; BD
Biosciences, Franklin Lakes, NJ) using acquisition software (Cell-
Quest; BD Biosciences). To assess intracellular cytokine expression,
unfractionated IRBP1–20-specific T cells from immunized B6 mice
were stimulated in vitro for 4 hours with 50 ng/mL phorbol myris-
tate acetate, 1 �g/mL ionomycin, and 1 �g/mL brefeldin A (Sigma)
and were permeabilized overnight with buffer (Cytofix/Cytoperm;
eBioscience, San Diego, CA).

ELISA

IL-17 and IFN-� were measured using commercially available ELISA kits
(R&D Systems).

Statistical Analysis

The data are expressed as mean � SD for the results from at least three
separate experiments. Significant differences are indicated by asterisks.
Differences were considered significant when P � 0.05 and very
significant when P � 0.01.

RESULTS

Activated �� T Cells Promote the �� T Cell
Response to IRBP1–20

To investigate the effect of �� T cells on �� T cell activation,
we separated �� T cells from immunized B6 mice using a
separator column (autoMACS; Miltenyi Biotec, Auburn, CA).24

Resting and activated �� T cells were prepared as detailed in
Materials and Methods. Responder �� T cells were separated
from the spleens and draining lymph nodes of TCR-��/� mice
immunized with the uveitogenic peptide IRBP1–20. Figure 1A
shows that the activated �� T cells expressed increased levels
of CD69 and decreased levels of CD62L compared with non-
activated cells, and activated �� T cells produced a substantial
amount of IL-17.

When the in vivo primed �� T cells were stimulated in
vitro with immunizing peptide and APCs with or without

the addition of a small number (2%) of �� T cells, rapid
activation of the �� T cells was observed in cultures with
added activated �� T cells. As shown in Figure 1B, FACS
analysis of the �� T cells 2 days after in vitro stimulation
with immunizing antigen and APCs showed that only 17%
expressed the early activation marker CD69 in the absence
of �� T cells, whereas 65% expressed CD69 when 2% of
activated �� T cells were added and 29% expressed CD69
when resting �� T cells were added. Consistently, IL-17
production was much increased in these cultures (Fig. 1C),
and total T cells increased significantly when activated �� T
cells were added (Fig. 1D). In contrast, nonactivated �� T
cells had smaller effects.

Activated �� T Cells Promote Development of
IL-17� Uveitogenic �� T Cells

We compared the effects of resting and activated �� T cells
on the activation of in vivo primed IL-17� IRBP-specific T
cells. Enriched �� responder T cells prepared from IRBP1–20-
immunized TCR-��/� mice were stimulated for 5 days with
immunizing antigen and APCs in vitro under Th17-polarizing
conditions (culture medium supplemented with 10 ng/mL IL-
23), either alone or in the presence of resting or preactivated
�� T cells. Subsequently, absolute numbers and relative fre-
quencies of cytokine-producing �� T cells were determined by
intracellular staining followed by FACS analysis. Numbers and
frequencies of cytokine-producing �� T cells were also deter-
mined.

As shown in Figure 2A, in cultures containing �� T cells
only, 23.1% of the �� T cells expressed IL-17. This relative
frequency did not change substantially when 2% of resting
�� T cells were added, whereas adding 2% of activated �� T
cells increased the relative frequency of IL-17� ��T cells
approximately twofold. In the presence of the activated ��
T cells, the IL-17� �� T cells also expanded so that their
absolute number increased sevenfold to eightfold while re-
maining essentially unchanged in the presence of resting ��
T cells (Fig. 2B). However, in the cultures with added resting
�� T cells (Fig. 2C), their absolute numbers increased more
than in the cultures with added activated �� T cells, and the
relative frequency of IL-17� �� T cells was also higher (Fig.
2A). To investigate the mechanism by which activated �� T
cells gain an increased ability to promote the activation of
IL-17� ��T cells, we also assessed the IL-23 production by
bone marrow dendritic cells (BMDCs). As demonstrated in
Figure 2D, cultured BMDCs do not produce IL-23. After
culture with activated, but not resting, �� T cells, a signifi-
cant amount of IL-23 was detected in the culture superna-
tants.

To determine whether a similar effect of �� T cells might be
seen in vivo, we injected TCR-��/� mice intraperitoneally with
a small number (2 � 105 mouse) of activated or nonactivated
�� T cells prepared from IRBP1–20 immunized B6 mice before
immunizing them with a pathogenic dose of IRBP1–20. The T
cells from the immunized mice were then stimulated in vitro
with immunizing antigen and APCs under Th17-polarized con-
ditions, and the activated T cells were separated on Ficoll and
subjected to intracellular staining to assess the percentage of
�� T cells expressing IL-17. As shown in Figure 3A, TCR-��/�

mice injected with activated �� T cells generated an approxi-
mately fourfold higher percentage of IL-17� IRBP-specific �� T
cells compared with mice that received no injection or resting
�� T cells. In these mice, IL-17–producing �� T cells were not
seen (Fig. 3A). Importantly, when adoptively transferred to
naive recipients, IRBP-specific T cells from mice injected with
activated �� T cells but not resting �� T cells induced more
severe EAU (Fig. 3B).
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Regulatory Effect of �� T Cells on IFN-��

(Th1-type) Uveitogenic T Cells

To determine whether activated �� T cells also enhance the
development of IFN-�� uveitogenic �� T cells, in vivo–primed
IRBP-specific T cells from TCR-��/� mice were stimulated with
immunizing antigen under nonpolarizing conditions in the
absence or presence of added �� T cells. Intracellular staining
showed that neither resting nor activated �� T cells substan-
tially changed the relative frequency of IFN-�� IRBP-specific
�� T cells (Fig. 4A). However, in cultures containing activated
�� T cells, the total number of IFN-�� IRBP-specific �� T cells
increased significantly (Fig. B), and the amount of produced
IFN-� increased marginally (Fig. 4C). Thus, under Th17-polar-
izing conditions, activated �� T cells increased relative frequen-
cies of IL-17� �� T cells, their total numbers, and their cyto-
kine production, whereas under nonpolarizing conditions,
activated �� T cells increased total numbers of IFN-�� �� T

cells and the amount of IFN� production, but not the relative
frequency of IFN-�� �� T cells.

Activated V�1� �� T Cells also Promote the �� T
Cell Response to IRBP1–20

We previously showed that �� T cells isolated from the
IRBP1–20 immunized mice dominantly express V�4� TCR seg-
ments.24 We therefore asked whether the functions of �� T
cells expressing different TCR segments might be modulated
similarly by activation process. We isolated V�1� T cells from
mice expressing a V�1 TCR transgene14 and prepared resting
and activated V�1� T cells as before (Fig. 5A). As shown in
Figure 5, highly enriched �� T cells expressing V�1� TCRs also
promoted the responses of both IL-17� and IFN-�� autoreac-
tive �� T cells, as was evident by increased frequencies of
CD69� �� T cells when they were present (Fig. 5B). Again, this
effect required activated �� T cells. Moreover, the activated

FIGURE 1. Activated �� T cells promote �� T cell response. (A) Phenotypes of resting and activated �� T cells, showing that activated �� T cells
expressed increased levels of CD69 and decreased levels of CD62L. Activated, but not resting, �� T cells produced significant amounts of IL-17.
(B) In vivo–primed IRBP-specific responder �� T cells expressed increased levels of CD69 during in vitro stimulation in the presence of activated,
but not nonactivated, �� T cells. Responder �� T cells (1 � 106/well) from immunized TCR-��/� mice were subjected to antigenic stimulation for
2 days by exposure to immunizing antigen and APCs, with or without the addition of 2% (2 � 104/well) of activated or resting �� T cells. Then
activated T cells were separated on Ficoll and stained for the expression of CD69 and either ��TCR or ��TCR. The numbers indicated in the upper
right quadrants are calculated percentage values of CD69� cells among the ��TCR� cells. (C) ELISA assay for cytokine production after 2 days of
in vitro stimulation. IL-17 in the culture supernatants were assessed by ELISA. (D) Assessment of total number of T cells after 5 days of in vitro
stimulation. The results shown are representative of those from multiple (�10) experiments. **P � 0.01; differences were considered very
significant.
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TCR-transgenic �� T cells also enhanced the generation of
IL-17� and IFN-�� autoreactive �� T cells under either Th17-
polarizing (Fig. 5C) or nonpolarizing (Fig. 5D) conditions,
whereas nonactivated �� T cells had no substantial effect.

DISCUSSION

A prompt innate immune response not only fills the gap in
immunologic defense before fully effective adaptive responses

FIGURE 2. Activated �� T cells promote, whereas nonactivated �� T cells inhibit, the activation of IRBP-specific IL-17� �� T cells. (A) Intracellular
staining for IL-17� �� and �� T cells. Responder �� T cells (1 � 106/well) prepared from IRBP1–20 immunized TCR-��/� mice on day 5 after
immunization were stimulated for 2 days with immunizing antigen and APCs under Th17-polarized conditions, with or without the addition of 2%
(2 � 104/well) of resting or activated �� T cells. Numbers indicated in the upper right quadrants are calculated percentage values of IL-17� cells
among the ��TCR� (left) and ��TCR� (right) cells. (B, C) Total number of IL-17� �� T cells and �� T cells among the responder T cells in (A).
(D) BMDCs (5 � 105/well) were cocultured with resting or activated �� T cells (1 � 105) for 48 hours. Culture supernatants were tested by ELISA.
The results shown are representative of those from five experiments. *P � 0.05; differences were considered significant. **P � 0.01; differences
were considered very significant.

FIGURE 3. Injection of TCR-��/�

mice with activated, but not nonac-
tivated, �� T cells, before IRBP1–20

immunization increases the genera-
tion of IL-17� IRBP-specific T cells.
(A) Groups (n � 6) of TCR-��/� mice
with or without injection of acti-
vated or resting �� T cells (2 � 105/
mouse) were immunized 1 day later
with a pathogenic dose of IRBP1–20,
then the Th1 and Th17 responses
were assessed 5 days after in vitro
stimulation, as described in the leg-
end to Figure 2. The numbers indi-
cated in the upper right quadrants
are calculated percentage values of
IL-17� cells among the ��TCR�

cells. (B) IRBP-specific T cells (3 �
106) isolated from donor mice with
or without injection of activated or
resting �� T cells were adoptively
transferred to naive B6 mice after in
vitro stimulation with IRBP1–20 for 2
days. Clinical scores were deter-
mined by funduscopy and pathologic
examination.24,43
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are ready but also regulates the intensity and pattern of the
adaptive response.29,30 Thus, a better understanding of the
cellular and molecular mechanisms of the interactions be-
tween innate and adaptive immunity should allow us to ma-
nipulate the specific adaptive immune response more effec-
tively.

Manipulation of �� T cell activity has shown beneficial
effect on correcting immune defects.21–23,31,32 Nevertheless,
the complexity of �� T cell function has been realized, and
inherent risks exist that may offset the therapeutic attempts.
For example, it was reported that the functions of �� T cells
changed as the immune response progressed.33 When �� T
cells were depleted with mAbs specific for the �� T-cell recep-
tor, different results were obtained, depending on the time of
antibody administration.25,34 Therefore, clarification of the cel-
lular and molecular mechanisms underlying �� T cell-mediated
immune regulation should provide the information needed to
understand the flexibility of �� T cell function, which will
ultimately improve the therapeutic approaches for ��-based
immunotherapy.

Studies in our laboratory have established reproducible in
vitro and in vivo assay systems for assessing the regulatory
effect of �� T cells in a well-established murine model of
EAU.24,25,28 In previous studies, we reported that the initiation
and progression of EAU are closely associated with increased
activation of �� T cells, even though the expanded �� T cells
do not directly respond to the immunizing antigen.24,25 In
addition, the relative ratio between �� and �� T cells has a
major effect on the induced immune response. Although a

small percentage of �� T cells among the responder T cells
promotes the response, a high percentage has the opposite
effect.25 The activated �� T cells enhanced the development of
both IL-17– and IFN-�–producing �� T cells, but the effect on
IL-17� cells was stronger. Moreover, the activated cells had this
effect on �� T cells regardless of whether they predominantly
expressed TCR-V�4 or transgenic TCR-V�1, suggesting that at
this level, �� TCR no longer plays a decisive role in determining
�� T cell immune-regulatory function.

The functional heterogeneity of �� T cells has been largely
attributed to the existence of �� T cell subsets expressing
different TCR segments.12–19 Very little information is available
regarding how activation of �� T cells alters their regulatory
influence on �� T cells. The present study shows that the
ability of �� T cells to promote the development of uveitogenic
�� T cells, and EAU, is strongly dependent on their state of
activation. Given that �� T cells can be readily activated by
multiple pathways, it is important to note that the functional
diversity of �� T cells is closely related to their activation status.

The mechanism by which activated �� T cells, which reg-
ulate autoimmune responses, gain an enhanced ability to pro-
mote the autoreactive T cell response requires further scrutiny.
Given that �� T cells can be readily activated by multiple
pathways, such cells must be compared for their functional
capabilities. In a previous report we showed that activated, but
not resting, �� T cells express MHC class II molecules and can
act as APCs.28 In the present study, we show that activated ��
T cells gain greater ability promoting the generation of uveito-
genic T cells, both in vitro and in vivo. We also show that

FIGURE 4. Effect of �� T cells on the generation of IFN-�� IRBP-specific T cells. (A) Responder �� T cells (1 � 106/well) from immunized TCR-��/�

mice were stimulated with immunizing antigen and APCs under nonpolarized conditions, with or without the addition of �� T cells (2 � 104/well,
or 2%) for 2 days. (B, C) Assessment of the total number of IFN-�� �� T cells among the responder T cells and the production of IFN-�. Procedures
used were the same as those described in the legend to Figure 2. *P � 0.05; differences were considered significant.
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activated �� T cells gain increased ability to induce DCs to
produce IL-23, which is required for the activation and expan-
sion of Th17-type autoreactive T cells. Petermann et al.35 have
recently reported that the IL-23–activated �� T cells rendered

�� effector T cells refractory to the suppressive activity of
Tregs. It appears that IL-23 treatment tips the balance between
Treg and effector T cells toward the net effect of enhancement,
whereas the outcome of the enhancement may involve aug-

FIGURE 5. V�1� �� T cells acquire upregulatory activity as well after in vitro activation. (A) Preparation of highly enriched �� T cells expressing
V�1 or V�4 TCR segments. V�1� T cells were isolated from mice expressing a V�1 TCR transgene,14 and unseparated ��T cells isolated from
immunized B6 mice dominantly express V�4�.24 (B) Intracellular staining assay. Activated and resting V�4� or V�1� �� T cells were prepared as
detailed in Materials and Methods. Experimental procedures were the same as those described in the legend to Figure 2. (C, D) Assessment of total
T cell numbers and IL-17� (Th17 polarized conditions) or IFN-�� (nonpolarized conditions) T cells after 5 days of in vitro stimulation. These studies
were repeated four times. **P � 0.01; differences were considered very significant.
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mented effector cell activity, weakened Treg activity, or both.
In our recent studies, we were able to show that IL-23 is one of
several major cytokines that can induce �� activation and
expansion. Given that IL-23 is not the only cytokine capable of
activating �� T cells, that combinations of two or more cyto-
kines render a higher degree of �� T cell activation, and that
synergism is also seen when �� T cells are activated by differ-
ent pathways, such as via TLR ligands, cytokines, and activated
macrophages (unpublished observation), we predict that in an
inflammatory environment the mechanisms leading to altered
regulatory functions of �� T cells can be complex.

�� T cells normally constitute only less than 1% of the total
lymphocytes in the peripheral lymphoid organs, but, during
infection, their number can expand to more than 50% of all
circulating T cells within a few days.36 Given that �� T cells can
be activated by multiple pathways, not necessarily involving
ligation of the �� TCR,37–40 and that �� T cell activation and
expansion can be dissociated,41,42 we predicted that factors
that affect �� T cell activation and expansion have impact on
the regulatory effect of �� T cells on autoimmune responses.
In the current and previous studies,24,25 we repeatedly ob-
served that �� T cells have a stronger effect on Th17-type
than Th1-type autoreactive T cells. However, it remains to
be determined whether �� T cells activated to various de-
grees or by different means have different effects on the
immune responses.

In summary, �� T cells actively participate in the patho-
genic process in EAU development and have a strong regula-
tory effect on the disease, and activation of �� T cells plays a
major role in shaping their regulatory potential.
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