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Abstract
We investigated the in vivo priming of IL-17+ autoreactive T cells in experimental autoimmune
uveitis-prone C57BL/6 (B6) and B10RIII mice using a combination of approaches, including
limiting dilution assay. High numbers of in vivo primed IL-17+ interphotoreceptor retinoid-
binding protein (IRBP)-specific T cells were found in mice immunized with a uveitogenic peptide
emulsified in CFA, but not the same peptide emulsified in IFA. Both in vitro and in vivo, at least
part of the effect of mycobacterial antigen in CFA could be replaced by TLR2 or TLR4 ligands.
TCR-δ−/− mice immunized with IRBP peptide in CFA generated significantly lower numbers of
IL-17+ T cells than immunized wild-type B6 mice. Administration of a small number of activated
γδ T cells to TCR-δ−/− mice significantly increased the number of IL-17+, but not IFN-γ+, IRBP-
specific T cells in these mice. γδ T cells from CFA- or IFA plus TLR ligand-treated mice were
activated and injection of naïve TCR-δ−/− mice with γδ T cells from TLR ligand-treated, but not
untreated, B6 mice promoted the in vivo priming of IL-17+ IRBP-reactive T cells. In conclusion,
in vivo priming of IL-17+ uveitogenic T cells in mice is significantly affected by TLR ligation,
and is also influenced by activated γδ T cells.
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1. Introduction
Th17 cells are defined by their production of IL-17 and IL-22, and to a lesser extent, tumor
necrosis factor (TNF-α) and IL-6 [1]. Recent studies have shown that Th17 cells contain
major pathogenic populations in autoimmune diseases [2–6]. An understanding of the
immunologic conditions that regulate the differentiation and activation of this autoreactive T
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cell population is therefore of importance in understanding the pathogenesis of autoimmune
diseases. As the frequencies of in vivo primed autoreactive T cells are very low (< 1 per
10,000 responder T cells in immunized rodents) [7, 8], many currently used assays
determine Th17 responses by relying on in vitro expanded T cells, which requires controlled
culture conditions. Th17 cells only become the dominant cell type among in vitro activated
autoreactive T cells under “Th17 polarizing” conditions (culture medium containing IL-23)
[6, 9]. In addition, Th17 responses are easily inhibited by a number of pro-inflammatory
cytokines, including IL-12 [10], IFN-γ [2, 11], IL-4 [2, 11], and IL-2 [12]. Moreover, the in
vitro expansion of in vivo primed T cells is affected by culture conditions, including antigen
dose [13–15], the affinity of the T cell receptor (TCR) for antigen [16–18], the duration of
the T cell-antigen presenting cell (APC) interaction [19], and the cytokines present, such as
IL-2 and IL-23, which polarize activated T cells and prevent activated T cell death [20–24].
The adjustment of all of these parameters so that they faithfully reflect what happens in vivo
is difficult at best. To avoid this problem, in this study, we used a combination of ex vivo
and in vitro assays and estimated numbers of in vivo primed Th1 and Th17 autoreactive T
cells before and after in vitro expansion using the limiting dilution assay (LDA), currently
the only assay that can directly estimate the number and frequency of in vivo primed T cells
[8, 25, 26]. Our goal was to determine the environmental and cell-cell interaction factors that
affect the in vivo priming of Th1 and Th17 autoreactive T cells in experimental autoimmune
uveitis (EAU). The results showed that the mycobacterial antigens in complete Freund’s
adjuvant (CFA) were a crucial factor in promoting the in vivo priming of Th17 autoreactive
T cells and that part of the mycobacterial effect could be replaced by synthetic TLR2 and
TLR4 ligands, both in vitro and in vivo. We also found that, in the absence of γδ T cell
participation, as in TCR-δ−/− mice, Th17 responses were significantly compromised but
could be restored when recipient TCR-δ−/− mice were injected with a small number of
activated γδ T cells. In conclusion, the intensity of the Th17 response in EAU appears to be
regulated by TLR2 and TLR4 ligation, and γδ T cells are actively involved in the in vivo
priming of Th17 autoreactive T cells.

2. Materials and Methods
2.1 Animals and reagents

Female C57BL/6 (B6), B10RIII, and TCR-δ−/− mice (all 12- to 14-weeks-old) were
purchased from Jackson Laboratory (Bar Harbor, ME) and were housed and maintained in
the animal facilities of the University of Southern California. Institutional approval was
obtained and institutional guidelines regarding animal experimentation followed.
Recombinant murine IL-23 was purchased from R & D. (Minneapolis, MN). FITC-
conjugated anti-mouse IFN-γ and anti-mouse IL-17 antibodies were purchased from
Biolegend (San Diego, CA), while all other antibodies were from BD Bioscience (La Jolla,
CA). The synthetic TLR agonists Pam3CSK (TLR2), Poly IC (TLR3), LPS (TLR4), and
CpG1826 (TLR9) were purchased from InvivoGen (San Diego, CA).

2.2 Immunization procedures and in vitro stimulation of in vivo primed T cells
Mice were immunized subcutaneously over 6 spots at the tail base and on the flank with 200
μl of emulsion containing uveitogenic peptide. The uveitogenic peptide used for B6 and
TCR-δ−/− mice was IRBP1-20 [amino acids 1-20 of human interphotoreceptor retinoid-
binding protein (IRBP), 150 μg/mouse] and that for B10RIII mice was IRBP161-180 (amino
acids 161–180 of human IRBP, 100 μg/mouse) (Sigma, St. Louis, MO). The peptides were
emulsified in either complete Freund’s adjuvant (CFA), incomplete Freund’s adjuvant (IFA)
(Sigma, St. Louis, MO), or IFA containing TLR ligands. The doses of TLR ligands used for
in vivo immunization were 75 μg of Pam3CSK (TLR2), 100 μg of Poly IC (TLR3), 50 μg of

Zuo et al. Page 2

Mol Immunol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



purified LPS (TLR4), and 50 μg of CpG1826 (TLR9). Unless otherwise stated, all
immunized mice were injected intraperitoneally with a single dose of PTX (200 ng).

At day 13 post-immunization, T cells were isolated from lymph node cells and spleen cells
by passage through a nylon wool column, then 1 × 107 cells in 2 ml of RPMI 1640 medium
(Cellgro, VA, USA) containing 10% fetal calf serum in each well of a 6-well plate (Costar)
were stimulated for 48 h with 1 μg/ml of anti-CD3 antibody or 10 μg/ml of IRBP1-20 in the
presence of 1 × 107 irradiated syngeneic spleen cells (APCs) in the presence of either IL-12
or IL-23 (10 ng/ml), then activated T cell blasts were separated by Ficoll gradient
centrifugation and cultured for another 72 h in the same medium used for stimulation
without the peptide.

2.3 Limiting dilution analysis (LDA)
B6 and B10RIII mice were immunized with IRBP1-20 or IRBP161-180, respectively,
emulsified in either CFA, IFA, or IFA containing TLR ligands. The spleen and draining
lymph nodes removed 14 days later and a single-cell suspension prepared. T cells were
enriched by nylon wool adherence and seeded in 24 replicates in two sets of 96-well flat-
bottomed culture plates containing irradiated spleen cells (1 × 105 per well), under Th1 or
Th17 polarizing conditions, with one set of plates containing an optimal dose of immunizing
peptide (10 μg/ml). Based on preliminary LDA estimates of IRBP-reactive cell frequencies,
the number of T cells seeded in each well varied from 3 × 103 to 2 × 105. Forty eight hours
later, a fraction of the culture supernatants was harvested and analyzed for IFN-γ or IL-17
production. The plates were then pulsed with 0.5 μCi of [3H]thymidine/well for 6 h,
harvested, and assessed for isotope incorporation. Preliminary results showed that the
frequencies of responder T cells measured by either cytokine production or proliferation
were very similar, so, in later studies, only cytokine (IL-17 or IFN-γ) production was
measured.

Activation of IRBP1-20-specific T cells was estimated by comparing the proliferation and
IFN-γ and IL-17 production of graded numbers (3,000–200,000/well) of T cells in the
presence and absence of IRBP peptide under polarizing conditions. Twenty-four replicate
wells were used for each cell density. After 44 h of incubation, the plates were centrifuged
and 50 μl of supernatant harvested for lymphokine assays and the rest of the cultures pulsed
with 3H-thymidine for 6 h, harvested, and counted in a β-counter. Positive microcultures
were defined as those in which lymphokine activity or incorporated thymidine exceeded the
mean activity in control cultures (no responders) by more than three standard deviations
[27–29]. The frequency of responder T cells was obtained by the minimum estimates of
precursor frequency calculated using a program developed to analyze the LDA data acquired
[8, 30]. This program uses the Poisson distribution to calculate the frequency of responder T
cells with 99% confidence limits.

2.4 Cell proliferation and cytokine assays
Enriched T cells (3 × 104 cells/well) from the draining lymph nodes and spleens prepared by
nylon wool adherence were cultured at 37° C for 48 h in 96-well microtiter plates with
irradiated syngeneic spleen APCs (1 × 105) in the presence or absence of IRBP1-20, then a
fraction of the culture supernatant was analyzed for IL-17 production using ELISA kits (R &
D). The plates were then pulsed for 6 h with 0.5 μCi of [3H]thymidine/well and the cells
assessed for isotope incorporation (Packard). The proliferative response was expressed as
the mean cpm ± standard deviation (SD) of triplicate determinations.

Zuo et al. Page 3

Mol Immunol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5 Induction of EAU
For active induction of EAU, B10RIII mice were immunized subcutaneously with 100 μl of
an emulsion containing 100 μg of IRBP161-180 peptide emulsified in CFA, IFA (Difco,
Detroit, MI), or IFA containing TLR ligands, distributed over six spots on the tail base and
flank. Concurrently, 200 ng of pertussis toxin (PTX) (Sigma, St. Louis, MO) was injected
intraperitoneally.

2.6. Scoring of EAU
The mice were examined three times a week for clinical signs of EAU by indirect
fundoscopy. The pupils were dilated using 0.5% tropicamide and 1.25% phenylephrine
hydrochloride ophthalmic solutions and fundoscopic grading of disease performed using the
scoring system described previously [31]. For histopathological evaluation, whole eyes were
collected at the end of the experiment and immersed for 1 h in 4% glutaraldehyde in
phosphate buffer, pH 7.4, then were transferred to 10% formaldehyde in phosphate buffer
until processed. The fixed and dehydrated tissues were embedded in methacrylate, then 5
μm sections were cut through the pupillary-optic nerve plane and stained with hematoxylin
and eosin. Presence or absence of disease was evaluated blind by examining six sections cut
at different levels for each eye. Disease was graded pathologically based on cellular
infiltration and structural changes [32].

2.7 Intracellular staining and FACS analysis
For intracellular staining, T cells (2 × 105 in 100 μl) were exposed to 50 ng/ml of PMA, 1
μg/ml of ionomycin, and 1 μg/ml of brefeldin A (Sigma-Aldrich) for 4 h, then were washed,
fixed, permeabilized overnight with Cytofix/Cytoperm buffer (eBioscience), and
intracellularly stained with antibodies against IFN-γ and IL-17 and analyzed on a
FACScalibur flow cytometer.

2.8 Statistical analysis
Experiments were repeated at least twice, usually three or more times. Experimental groups
were typically composed of four mice. The figures show data from a representative
experiment. Differences between the values for different groups were examined by the two-
tailed t test. Statistical analyses of clinical scores were performed using one-way ANOVA
with Tukey post hoc analysis. A P value < 0.05 was considered as significant.

3. Results
3.1 Immunization converts Th1 responses to Th17 responses in C57BL/6 mice

Splenic T cells prepared from naïve B6 mice were stimulated with a mitogenic dose of anti-
CD3 antibodies (1 μg/ml) and syngeneic APCs (irradiated spleen cells) under either non-
polarizing conditions or polarizing conditions (culture medium supplemented with IL-12 or
IL-23, respectively), favoring either Th1 or Th17 reactivity. Th1 and Th17 responses were
assessed by cytofluorimetric determination of IFN-γ+ and IL-17+ T cells and ELISA
analysis of IFN-γ and IL-17 production by activated T cells. Fig. 1A shows that IL-17+ cells
were 10 times more frequent (21.2%) among from activated splenic T cells from immunized
mice than among those from in naïve mice (2.6%), whereas the frequency of IFN-γ+ T cells
was increased less than two-fold (28.2% versus 18.4%). Cytokine assays (Fig. 1B) showed
that T cells from immunized mice produced 6 times as much IL-17 as those from naïve mice
(from 3,000 to 18,000 pg/ml), whereas amounts of IFN-γ, which were already high in
untreated mice, increased less than 2-fold by immunization (from 27,000 to 43,282 pg/ml).
To directly determine the frequency of in vivo primed T cells, we also performed an LDA
assay. The results (Fig. 1C) showed that, in naïve mice, the average frequency of Th1
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responder T cells generated by treatment with anti-CD3 antibody was approximately 3 per
100,000 responder T cells and the frequency of Th17 responder T cells was consistently
lower in the range of 1–2 per 100,000 responder T cells, whereas, in immunized mice, the
frequency of IL-17-producing T cells increased >40-fold to approximately 140 per 100,000
responder T cells, whereas IFN-γ-producing cells increased only 4-fold (12.3 cells per
100,000 responder T cells), indicating that the immunization procedure promotes Th17
responses more than Th1 responses.

3.2 Mycobacterial antigens in CFA promote the generation of IL-17+ T cells in immunized
mice

To determine the factors responsible for the enhanced generation of IL-17+ T cells, B6 mice
were immunized with IRBP1-20 in either IFA or CFA, with non-immunized mice as control.
T cells from naïve or immunized mice were then stimulated in vitro with either IRBP1-20 (10
μg/ml) or anti-CD3 antibody (1 μg/ml) under Th17 polarizing conditions. The frequency of
IL-17+ T cells among the activated responder T cells was then determined by intracellular
staining and cytokine production was measured by ELISA. As shown in Fig. 2A, mice
immunized with IRBP1-20 in CFA contained a significantly higher percentage of IL-17+ T
cells after stimulation with either immunizing antigen (left panel) or anti-CD3 antibodies
(right panel), whereas T cells from mice immunized with IRBP1-20/IFA (center row) or
naïve mice (top row) generated very few. Mice immunized with IRBP1-20/CFA also
produced significantly greater amounts of IL-17 than mice immunized with IRBP1-20/IFA
(Fig. 2B). These results show that components in CFA promote the in vivo activation of
IL-17+ T cells. As an approach to investigating the underlying mechanism, we measured the
frequency of in vivo primed IFN-γ+- and IL-17+ T cells specific for the immunizing peptide
by LDA. As shown in Fig. 2C, the frequency of IRBP1-20-specific Th17 responder T cells
among the T cells from IRBP1-20/CFA immunized mice was much higher than that in
IRBP1-20/IFA-immunized mice, and more than 10 times higher than that of IRBP1-20-
specific Th1 responder T cells.

3.3 The effect of mycobacterial antigen in CFA can be partially substituted by synthetic
TLR ligands

Since the only difference between IFA and CFA is the presence of mycobacteria in CFA, we
examined whether the effect of the mycobacteria could be replaced by synthetic TLR
ligands. Groups of B6 mice (n=4) were immunized with IRBP1-20/CFA, IRBP1-20/IFA, or
IRBP1-20/IFA containing combinations of TLR2 and TLR4 ligands or TLR3 and TLR9
ligands, then the in vivo primed T cells were stimulated with immunizing antigen and APCs
under Th17 polarizing conditions and the frequency of IL-17+ cells measured by
intracellular staining 5 days after stimulation. As shown in Fig. 3A, the frequency of IL-17+

T cells was significantly higher in mice immunized with IRBP1-20 in CFA than in mice
immunized with IRBP1-20/IFA. In addition, mice immunized with IRBP1-20 in IFA
containing TLR2 and TLR4 ligands also contained a significantly higher percentage of
IL-17+ IRBP1-20 -specific T cells than mice immunized with IRBP1-20/IFA, while mice
immunized with the same procedure but using the TLR3 and TLR9 ligands did not.
Cytokine assays showed that T cells from mice immunized with IRBP1-20 in IFA containing
TLR2 and TLR4 ligands, but not TLR3 and TLR9 ligands, produced significantly higher
amounts of IL-17 than those from mice immunized with IRBP1-20/IFA only (Fig. 3B). The
results of an LDA assay (Fig. 3C) were consistent with the above results and showed that
IRBP1-20/IFA-immunized mice generated the lowest numbers of Th17 cells (2 per 100,000
T cells) and the use of CFA resulted in a >10-fold increase in Th17 reactive T cells (26 in
100,000). Again, immunization with IRBP1-20 in IFA containing TLR2 and TLR4 ligands
resulted in a significant increase in Th17 T cells, whereas immunization with IRBP1-20 in
IFA containing TLR3 and TLR9 ligands did not.
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3.4 TLR2 and TLR4 ligands enhance the ability of IRBP161-180 to induce EAU in B10RIII
mice in the absence of CFA

To determine the in vivo influence of TLR ligands on induction of autoreactive T cells and
EAU, EAU-prone B10RIII mice were immunized with the uveitogenic peptide IRBP161-180
emulsified in IFA, CFA, or IFA containing TLR ligands. Starting from 10 days after
immunization, EAU development was monitored by fundoscopy followed by pathologic
examination. As shown in Fig. 4A, mice immunized with IRBP161-180/CFA developed
EAU, whereas mice immunized with IRBP161-180/IFA did not. Interestingly, mice
immunized with IRBP160-181 in IFA containing TLR2 and TLR4 ligands developed mild,
but significant, EAU and the EAU induced by immunization with IRBP160-181 in IFA
containing TLR3 and TLR9 ligands was hardly detectable. As shown in Fig. 4B, ELISA
assays showed that T cells isolated from mice immunized with IRBP160-181 in IFA
containing TLR2 and TLR4 ligands produced significantly increased amounts of IL-17
compared to mice immunized with IRBP161-180/IFA.

3.5 Numbers of in vivo primed IL-17+ T cells are decreased in immunized TCR-δ−/− mice
compared to immunized wild-type mice

Based on the numbers of in vitro expanded T cells derived from in vivo primed T cells, it
appeared that TCR-δ−/− mice generate decreased numbers of IL-17+ autoreactive T cells
[33–35]. To examine this question more rigorously, we directly compared the frequencies of
in vivo primed Th1 and Th17 autoreactive T cells in immunized wild-type (WT) B6 and
TCRδ−/− mice, using LDA. As shown in Fig. 5A, the frequency of in vivo primed IFN-γ+

IRBP1-20-specific T cells was not significantly different in immunized TCRδ−/− mice (2.9
per 100,000) when compared to WT B6 mice (3.3 per 100,000. In contrast, the frequency of
in vivo primed Th17 IRBP1-20-specific T cells was much lower in TCR-δ−/− mice (8.6 per
10,000) than in WT mice (26.5 per 100,000 responder T cells). Intracellular staining of the
in vivo primed T cells expanded after stimulation with the immunizing antigen also showed
that TCR-δ−/− mice generated substantially lower numbers of IL-17+ T cells compared to
their B6 counterparts (Fig. 5B). However, when a small number (100,000/mouse) of
activated, but not non-activated, γδ T cells was administered 3 days before immunization,
the recipient mice showed a strong enhancement of the Th17 response (Fig. 6A). The results
of the LDA assay (Fig. 6C and D) further emphasized these findings and showed that TCR-
δ−/− mice injected with activated, but not resting, γδ T cells generated significantly
increased numbers of Th17 cells, but not Th1 cells. Taken together, these observations
suggest that, γδ T cells have a stronger regulatory effect on the Th17 response than the Th1
response, at least in this experimental setting.

3.6 TLR ligands enhance the Th17 response by acting on γδ T cells
To determine the mechanism(s) by which TLR2 and TLR4 ligands enhance the Th17
response in EAU, we examined whether the TLR ligands that caused an enhanced Th17
response had a direct effect on dendritic cells or γδ T cells. First, we tested whether splenic
APCs from IRBP1-20/CFA-immunized B6 mice had a greater stimulatory effect than those
from IRBP1-20/IFA-immunized mice on the activation of in vivo primed Th17 cells from
IRBP1-20/CFA-immunized mice. The results showed that the two types of APCs induced
similar numbers of IL-17+ T cells as examined by intracellular staining (Fig. 7A) and by
IL-17 ELISA (data not shown). We then tested whether the TLR ligands acted on γδ T cells.
Mice immunized with IRBP1-20 in IFA containing TLR2 and TLR4 ligands contained
increased numbers of γδ T cells compared to those immunized with IFA alone (Fig. 7A) and
γδ T cells freshly isolated from mice immunized with CFA or IFA containing TLR2 and
TLR4 ligands, but not those from mice immunized with IFA containing TLR3 and TLR9
ligands produced increased amounts of IL-17 (Fig. 7B). We then compared the Th17
responses in recipient TCR-δ−/− mice injected with equal numbers of γδ T cells from B6
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mice immunized with IRBP1-20 in CFA, IFA, or IFA containing TLR ligands, and
subsequently immunized with IRBP1-20/CFA by measuring the IRBP1-20-specific IL17+ T
cells among the activated T cells after stimulation with the immunizing peptide. As shown in
Fig. 7C, TCR-δ−/− mice injected with γδ T cells from IRBP1-20/CFA-immunized B6 mice
contained a higher frequency of IL17+ IRBP1-20-specific T cells than those injected with
γδT cells from B6 mice immunized with IRBP1-20/IFA only. TCR-δ−/− mice injected with
γδ T cells from B6 mice immunized with IRBP1-20 in IFA containing TLR2 and TLR4
ligands also contained a higher frequency of IL17+ IRBP1-20-specific T cells than those
injected with γδT cells from B6 mice immunized with IRBP1-20/IFA, whereas TCR-δ−/−

mice injected with γδT cells from B6 mice immunized with IRBP1-20 in IFA containing
TLR3 and TLR9 ligands did not.

4. Discussion
In this study, we added LDA as a quantitative assay system for detecting IRBP-specific
autoreactive T cells because we wished to directly estimate the frequency of in vivo primed
Th1 and Th17 autoreactive T cells. As the frequencies of in vivo primed autoreactive T cells
were much lower (<1 in 10,000 responder T cells) than the minimal levels required for
antibody staining [7, 8], direct counting of the number of in vivo primed responder T cells
exploiting binding assays using peptide-MHC multimers [36–38] was not possible. LDA can
directly assess a low number of in vivo primed T cells, even though this technique may fail
to detect responder T cells in a state of anergy [36]. In this study, the LDA results were very
reproducible in assessing in vivo primed Th17 autoreactive T cells. In comparison with
other assays, the LDA assay is particularly reliable and variations between assays are
smaller than those seen in cytokine assays or using intracellular staining. In addition, the
results obtained using LDA based on cytokine or proliferation assays were comparable.

A number of autoimmune diseases have been experimentally induced in rodents by
immunization of disease-prone animals with defined pathogenic antigens; however, the
immunizing antigen has to be emulsified in CFA, which contains killed R37a mycobacteria
[39–41]. To investigate the factors that control the activation of Th17 autoreactive T cells
and the role of γδ T cells in the in vivo priming and in vitro activation of autoreactive T
cells, we determined the number of activated Th1 and Th17 autoreactive T cells in B6 mice
immunized with the uveitogenic peptide IRBP1-20 emulsified in either IFA or CFA and
showed that immunization of mice with the uveitogenic peptide IRBP1-20 induced
significantly increased numbers of IFN-γ or IL-17+ uveitogenic T cells, but only when the
antigen was emulsified in CFA and not IFA. The mycobacterial components in CFA could
be partially replaced by a combination of TLR2 or TLR4 ligands, whereas the effects of
TLR3 and TLR9 agonists were modest.

Recent studies have shown that reciprocal interactions between the innate and adaptive
immune systems play a major role in regulating the immune response [42–45]. We
previously reported that initiation and progression of EAU are closely associated with
increased activation of γδ T cells and that changes in the number and activation status of γδ
T cells significantly affect the response of uveitogenic T cells [6, 33–35], indicating that γδ
T cells play a regulatory role in this autoimmune disease. To confirm these findings and
determine whether activation of γδ T cells enhances the in vivo priming of autoreactive T
cells, we compared the numbers of in vivo primed Th1 and Th17 autoreactive T cells in
immunized B6 and TCR-δ−/− mice and determined whether injection of TCR-δ−/− mice
with a small number of γδ T cells affected the number of autoreactive T cells generated in
the recipient mice. Our results showed that TCR-δ−/− mice generated only a few
autoreactive T cells compared to their B6 counterparts. Injection of a small number of
activated, but not resting, γδ T cells, significantly restored the ability of TCR-δ−/− mice to
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generate increased numbers of autoreactive T cells. Moreover, comparative studies showed
that the injected γδ T cells had a greater effect on Th17 autoreactive T cells than Th1
autoreactive T cells. To determine the mechanism by which TLR ligands enhanced the in
vivo activation of Th17 autoreactive T cells, we tested the effect of TLR ligands on dendritic
cells and on γδT cells and found that γδ T cells from mice immunized with IRBP in IFA
containing TLR2 and TLR4 agonists had a greater effect in promoting the in vivo generation
of Th17 autoreactive T cells than γδ T cells isolated from IRBP/IFA-immunized mice. Our
results support the conclusion that exposure to TLR ligands can promote the activation of
Th17 autoreactive T cells, partially via γδ T cells, leading to a greater incidence of disease.
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Abbreviations

CFSE carboxyfluorescein succinimidyl ester

CFA complete Freund’s adjuvant

EAU experimental autoimmune uveitis

IFA incomplete Freund’s adjuvant

IRBP interphotoreceptor retinoid-binding protein

LDA limiting dilution analysis

PTX pertussis toxin

TLRs Toll-like receptors
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Highlights

i. directly assessing the numbers of in vivo priming of Th17 cells using limiting
dilution assays.

ii. different TLR ligands may have different effect on Th1 and Th17 responses;

iii. γd T cell activation via TLR ligands play a major role in the activation of
autoreactive T cells in induction of autoimmune diseases via using CFA.
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Fig. 1. Comparison of anti-CD3 antibody-induced Th1 and Th17 responses in naïve and
immunized B6 mice
A). Splenic T cells from naïve and IRBP1-20/CFA-immunized mice enriched by passage
through nylon wool were stimulated for 48 h with a mitogenic dose of anti-CD3 antibody (1
μg/ml) under Th17 polarizing or non-polarizing conditions and the activated T cells
separated by Ficoll gradient centrifugation on day 3 and intracellularly stained with
phycoerythrin (PE)-conjugated anti-IFN-γ antibodies and FITC-conjugated anti-IL-17
antibodies, followed by FACS analysis on Day 5. (B) IFN-γ and IL-17 levels in the culture
supernatants at 48 h assessed by ELISA. (C) Responder T cell numbers evaluated by LDA.
The results shown are representative of those from >5 experiments.
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Fig. 2. Numbers of IL-17+ cells are greatly increased in B6 mice immunized with IRBP1-20 in
CFA, but not IRBP1-20 in IFA
(A) B6 mice were immunized with the uveitogenic peptide IRBP1-20 in IFA or CFA, then
splenic T cells were stimulated for 48 h with either IRBP1-20 (left panels) or anti-CD3
antibody (right panels) and the activated T cells stained with PE-conjugated anti-IFN-γ
antibodies and FITC-conjugated anti-IL-17 antibodies, followed by FACS analysis. (B)
IL-17 levels in the culture supernatants at 48 h assessed by ELISA. (C) Frequencies of IFN-
γ+ and IL-17+ IRBP1-20 -specific T cells determined by LDA. The results shown are
representative of those from >5 experiments. The differences between the CFA and IFA
groups were highly significant (P ≤ 0.01) in all three assays.
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Fig. 3. IFA containing synthetic TLR ligands enhances the in vivo priming of IL-17+ T cells in B6
mice
(A) Determination of IL-17+ cells by intracellular staining. Groups of mice (n=4) were
immunized with IRBP1-20/CFA, IRBP1-20/IFA, or IRBP1-20/IFA containing TLR2 and
TLR4 ligands or TLR3 and TLR9 ligands. The in vivo primed T cells were then stimulated
with IRBP1-20 or anti-CD3 antibodies in the presence of syngeneic APCs for 5 days under
Th17 polarized conditions and activated T cells stained with PE-conjugated anti-IFN-γ
antibodies and FITC-conjugated anti-IL-17 antibodies, followed by FACS analysis. (B)
IL-17 levels in the culture supernatants assessed by ELISA 48H after stimulation. (C) LDA
results showing the number of IFN-γ (Th1) or IL-17+ (Th17) T cells among 100,000 in vivo
primed responder T cells. The results shown are representative of those in more than three
experiments.
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Fig. 4. Synthetic TLR2 and TLR4 agonists increase the EAU-inducing activity of the uveitogenic
peptide IRBP161-180 in the B10RIII mouse
(A) B10RIII mice were immunized with 100 μg of uveitogenic peptide IRBP161-180
emulsified in IFA, CFA, or IFA containing TLR ligands as indicated. All the mice received
an additional injection of PTx (200 ng/mouse) on day 0. The photographs show the
histopathology of EAU in immunized mice (hematoxylin and eosin, original magnification,
x200). (B) The in vivo primed T cells were stimulated with IRBP161-180 in the presence of
syngeneic APCs for 5 days under Th17 polarizing conditions and IL-17 levels in the culture
supernatant were assessed by ELISA.
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Fig. 5. Immunized TCR-δ−/− mice generate fewer IL-17+ autoreactive T cells than immunized
B6 mice
(A) B6 and TCR-δ−/− mice were immunized with IRBP1-20/CFA, then, 13 days later,
splenic T cells were enriched and assessed for Th1 and Th17 IRBP1-20-specific T cells by
LDA. (B) Splenic T cells from immunized B6 and TCR-δ−/− mice were stimulated with
IRBP1-20 and APCs under Th17 polarizing conditions for 5 days, then the activated T cells
were separated, fixed, and stained with anti-IFN-γ, anti-IL-17, and anti-αβ TCR antibodies.
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Fig. 6. Activated γδ T cells enhance the Th17 response in TCR-δ−/− mice
(A) Three days before immunization with IRBP1-20/CFA TCR-δ−/− mice were left untreated
(top panels) or were injected with 100,000 non-activated (resting) γδ T cells (center panels)
or anti-CD3 antibody-activated γδ T cells (bottom panels) [33]. Fourteen days after
immunization, 1.5 × 106/well splenic T cells were stimulated with immunizing peptide and
APCs in 24-well plates for 2 days and IFN-γ and IL-17+ T cells among the activated T cells
were assessed by FACS analysis after intracellular staining for IFN-γ and IL-17. (B) Part of
the culture supernatants was collected for IL-17 measurement. (C and D) LDA results
showing the numbers of IFN-γ (Th1) or IL-17+ (Th17) T cells among 100,000 in vivo
primed responder T cells. The results shown are representative of those in more than three
experiments. In B–D, results for immunized WT B6 and TCR-δ−/− mice are shown for
comparison.
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Fig. 7. Treatment of B6 mice with a single dose of TLR ligand-activated γδ T cells rendered γδT
cells acquired enhanced effect promoting the generation of IL-17+ autoreactive T cells in vivo
(A) Splenic T cells from B6 mice immunized with IRBP1-20/IFA, IRBP1-20/CFA, or
IRBP1-20/IFA containing TLRL2 and TLR4 ligands or TLRL3 and TLR9 ligands were
examined for γδTCR+ T cells 14 days after immunization. (B) γδ T cells freshly isolated
from B6 mice immunized with CFA or IFA containing TLR ligands 2 and TLR4 produce
increased amounts of IL-17. (C) γδ T cells were isolated from B6 mice immunized with
IRBP1-20/CFA, IRBP1-20/IFA, or IRBP1-20/IFA containing TLRL2 and TLR4 ligands or
TLRL3 and TLR9 ligands and 100,000 isolated γδ T cells from each group were injected
into four different groups of TCR-δ−/− recipient mice, then all the recipient mice were
immunized with IRBP1-20/CFA, and IFN-γ+ and IL-17+ IRBP1-20 -specific responder T cells
were assessed by LDA. The results shown are representative of those from three
experiments.
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