The Journal of Immunology

Feedback Regulation of Murine Autoimmunity via Dominant
Anti-Inflammatory Effects of Interferon ␥1
Alfredo Minguela,2,3* Silvia Pastor,2,4* Wentao Mi,* James A. Richardson,†‡
and E. Sally Ward5*
There is a paucity of knowledge concerning the immunologic sequelae that culminate in overt autoimmunity. In the present study,
we have analyzed the factors that lead to disease in the model of autoimmunity, murine experimental autoimmune encephalomyelitis (EAE). EAE in H-2u mice involves autoreactive CD4ⴙ T cells that are induced by immunization with the immunodominant N-terminal epitope of myelin basic protein. The affinity of this epitope for I-Au can be increased by substituting lysine at
position 4 with tyrosine, and this can be used to increase the effective Ag dose. Paradoxically, high doses of Ag are poorly
encephalitogenic. We have used quantitative analyses to study autoreactive CD4ⴙ T cell responses following immunization of mice
with Ag doses that are at the extremes of encephalitogenicity. A dose of autoantigen that is poorly encephalitogenic results in T
cell hyperresponsiveness, triggering an anti-inflammatory feedback loop in which IFN-␥ plays a pivotal role. Our studies define
a regulatory mechanism that serves to limit overly robust T cell responses. This feedback regulation has broad relevance to
understanding the factors that determine T cell responsiveness. The Journal of Immunology, 2007, 178: 134 –144.

M

urine experimental autoimmune encephalomyelitis
(EAE)6 is induced in susceptible strains of mice by
immunization with autoantigen in adjuvant and is believed to be a representative model of multiple sclerosis in humans
(1). Activated, autoreactive CD4⫹ T cells enter the CNS where
they can trigger infiltration of inflammatory leukocytes (2, 3). This
leads to a cascade of events, including the up-regulation of MHC
class II and adhesion marker expression on resident cells and the
infiltration of macrophages, that culminate in the demyelination
and paralysis that are characteristic features of EAE (2, 3).
In H-2u mice, EAE is characterized by the induction of Th1-type
cells that recognize the immunodominant N-terminal epitope of
myelin basic protein (MBP1-9, acetylated at the N terminus) associated with the MHC class II molecule, I-Au (4). MBP1-9 has a
very low affinity for restricting MHC (5–7), and as a result, autoreactive T cells escape tolerance induction (8, 9). The affinity of
the peptide for I-Au can be increased at least 40- or 103-fold, respectively, by substituting lysine at position 4 of the peptide by
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alanine or tyrosine (7, 10). The molecular basis of this increase
in affinity has recently become apparent from the solution of the
x-ray structure of MBP1-9[4Y] (tyrosine at position 4) complexed with I-Au (11).
Paradoxically, in earlier studies, the use of higher affinity position 4 analogs of MBP1-9 such as MBP1-9[4A] (alanine at position 4) or MBP1-9[4Y] as immunogens has been shown to be
ineffective in inducing EAE (10, 12). By analyzing Ag-specific T
cell lines that had been established in vitro using different Ag
doses, binding by tetrameric, fluorescently labeled autoantigen
complexes indicated that the higher Ag dose resulted in a population of lower avidity, autoantigen-specific T cells relative to
those induced by encephalitogenic Ag doses (10). The residual,
lower avidity T cells were proposed to be ineffective in eliciting
disease. This is consistent with the concept from the NOD diabetes
model that high-avidity (CD8⫹) cells are more pathogenic than
their lower avidity counterparts (13–15). However, highly avid
MBP1-9:I-Au-specific T cells do not induce disease following
transfer into H-2u mice (16), putting into question the correlation
between avidity and pathogenicity. In addition, a recent study of
MBP-induced EAE in SJL mice demonstrates that avidity maturation of Ag-specific T cells in the CNS does not occur, suggesting
that T cells of a wide avidity spectrum participate in pathogenesis
(17). Furthermore, in systems using foreign Ags such as cytochrome c, Ag dose has a limited impact on the avidity of the
responding repertoire during the primary response provided that a
threshold level is surpassed (18). The role of Ag dose in inducing
T cells of different avidities and the impact of this on T cell-mediated pathogenesis therefore remain areas of uncertainty that are
central to understanding the dynamics of T cell responses in vivo.
Despite characterization of the initial T cell response in peripheral lymphoid organs in mice immunized with encephalitogenic
Ags, little is known about the sequelae that lead to overt disease (2,
17). This is in part due to the lack, until recently, of suitable approaches such as highly sensitive ELISPOT assays (17, 19) or
appropriate peptide-MHC (pMHC) class II tetramers (20, 21) to
assess the evolution of the autoreactive CD4⫹ T cell response in
quantitative terms. In the present study, we have used fluorescently
labeled pMHC class II tetramers to enumerate autoantigen-specific
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CD4⫹ T cells in both peripheral lymphoid organs and the CNS
following challenge of mice with different doses of MBP1-9 and
the higher affinity position 4 analog, MBP1-9[4Y]. Relative to encephalitogenic Ag doses, a higher effective dose that is poorly
encephalitogenic induces enhanced T cell responses that are accompanied by higher levels of cytokine (IFN-␥, TNF-␣, and IL17) production. Significantly, we show that a combination of antiIFN-␥ treatment with high effective Ag dose culminates in EAE.
Thus, the challenge of mice with high Ag dose results in elevated
levels of cytokine production that, in turn, down-regulate disease
via a negative feedback loop. Our data have implications for understanding the factors that lead to pathogenesis in murine EAE, in
addition to having broader relevance to the regulatory mechanisms
that can occur to limit robust helper T cell responses that might
otherwise be deleterious.

Materials and Methods
Peptides and Abs
The N-terminal peptide of myelin basic protein (MBP1-9, ASQKRPSQR,
acetylated at residue 1) and (acetylated) analog MBP1-9 [4Y] with residue
4 (lysine) substituted by tyrosine were synthesized at the Peptide Synthesis
Unit of the Howard Hughes Medical Institute, University of Texas Southwestern Medical Center, or CS Bio. Different batches of the peptides were
used during the course of the experiments, and these induced similar
behavior.
For flow cytometry studies the following fluorescently labeled Abs
were purchased from BD Pharmingen: allophycocyanin-labeled antiCD3 (145-2C11), Alexa 488-, FITC-, PerCP-, and allophycocyaninlabeled anti-CD4 (L3T4), anti-CD16/CD32 (Fc block, clone 2.4G2),
PerCP-labeled anti-CD45 (30-F11), allophycocyanin-labeled antiIFN-␥ (XMG1.2), PE-labeled anti-TNF-␣ (MP6-XT22), PE-labeled antiIL-17 (TC11-18H10), PE-labeled anti-TCR V␤8 (F23.1), and FITClabeled and purified anti-TCR V␣2 (B20.1). Purified anti-TCR V␣2
(BD Pharmingen) was labeled with Alexa 647 following the manufacturer’s instructions (Molecular Probes). PE-labeled anti-F4/80 was purchased from eBioscience. Anti-I-Au Ab was purified from the 10.2.16
hybridoma (22) and labeled with fluorescein-isothiocyanate using standard methods.
For use in vivo, hybridomas expressing anti-IFN-␥ Ab (R4-6A2, rat
IgG1 from the American Type Culture Collection) and rat IgG1 isotype
control (CRL-1912 from the American Type Culture Collection) were
grown up and IgG1 purified from culture supernatants using protein GSepharose. Hybridomas were grown in medium containing FCS that had
been depleted of bovine IgGs by passage over protein G-Sepharose.

Generation of recombinant pMHC tetramers
Soluble, recombinant MBP1-9[4Y]:I-Au complexes were generated and
purified as described elsewhere (20). To detect MBP1-9-specific cells, multimeric complexes (“tetramers”) were prepared by incubating site specifically biotinylated MBP1-9[4Y]:I-Au with PE-labeled Extravidin (SigmaAldrich) in an optimized molar ratio for 10 –30 min at 4°C (20).

Mice
B10. PL (H-2u) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). Transgenic (tg) mice expressing the 1934.4 TCR (12, 23)
backcrossed onto the B10.PL background were provided by Dr. H.
McDevitt (Stanford University, Stanford, CA) and were maintained by
backcrossing onto B10. PL mice. Tg mice expressing the ␣- and ␤-chains
of the 172.10 TCR (24, 25), backcrossed onto the B10.PL background,
were provided by Dr. J. Goverman (University of Washington, Seattle,
WA). These were interbred to generate tg mice expressing the 172.10 ␣␤
TCR. Mice were bred and maintained in the specific pathogen-free animal
colony at the University of Texas Southwestern Medical Center in compliance with institutional guidelines. All mice were 7–10 wk of age when
experiments were initiated. TCR tg animals selected as cell donors for
transfer experiments did not show signs of spontaneous EAE (25) either
before or at the time of the isolation.

Induction of EAE
For induction of EAE, B10.PL male mice were immunized s.c. in one
footpad and the tail base with 200 g of wild-type peptide MBP1-9, or with
2 or 200 g of the higher affinity position 4 analog, MBP1-9[4Y] (“4Y”)

135
with the lysine at position 4 substituted by tyrosine (5–7). Peptide was
emulsified in CFA (Sigma-Aldrich) supplemented with 4 mg/ml Mycobacterium tuberculosis H37RA (Difco; BD Biosciences), and the emulsion
(100 l/mouse) divided equally between the two immunization sites. As
control, an emulsion of PBS and CFA was used. Pertussis toxin (List
Biological Laboratories) (200 ng/mouse) in PBS was injected i.p. at the
time of immunization and 48 h later. EAE scoring was performed as previously described (26): 0, no abnormality; 1, a limp tail; 2, moderate hind
limb weakness; 3, severe hind limb weakness; 4, complete hind limb paralysis; 5, quadriplegia or premoribund state; and 6, death due to disease.
Clinical signs of EAE were assessed for up to ⬃30 days after immunization. Mean clinical scores were derived from scores for all mice within
each group and include disease-free mice. Mice that scored 4 for longer
than 5 days or with a score of 5 were sacrificed, in accordance with institutional guidelines.
In transfer experiments, B10.PL mice were infused with splenocytes
from tg mice expressing the 172.10 or 1934.4 TCRs (23, 25) before immunization. Numbers of CD4⫹ splenocytes were determined by flow cytometry and different numbers of CD4⫹ cells from tg mice were administered i.v. as a mix of total splenocytes through the tail vein. Pertussis toxin
was not used when B10.PL animals were infused with splenocytes from tg
mice. When required, splenocytes from tg mice were labeled with CFSE
(Molecular Probes) as described previously (27).

Treatment of mice with anti-IFN-␥ Ab
Mice immunized with 200 g of MBP1-9[4Y] (as above) were treated with
30 or 100 g of anti-IFN-␥ Ab (rat IgG1, R4-6A2) by i.v. injection, on
each of days 6 and 9 after immunization. One hundred micrograms of a rat
IgG1 Ab of irrelevant specificity was also used for a different group of mice
as a negative control. A group of B10.PL mice immunized with the encephalitogenic dose of 2 g of MBP1-9[4Y] was also used as a control for
disease induction. Immunized and treated mice were monitored daily from
day 8 following immunization and disease severity scored.

Flow cytometric analyses
In experiments where CNS samples were analyzed, mice were anesthetized
and perfused through the right ventricle with 10 ml of ice-cold PBS containing 2 mM EDTANa2 before organ harvesting. Draining lymph nodes
(LNs), spleens, and CNS tissue (brain and spinal cord) were harvested in
RPMI 1640 containing 2 mM EDTANa2 (Invitrogen Life Technologies)
and single-cell suspensions obtained by forcing the tissue through a wire
mesh tea strainer. RBC were lysed with ammonium chloride buffer and
then cells washed with PBS. CNS homogenates were first centrifuged with
a pulse of 1000 rpm to discard debris and then extensively washed in PBS.
For flow cytometric analyses, single-cell suspensions were incubated
with Fc block for 5 min before incubation with appropriate combinations
of Abs at 4°C in the presence of Fc block and then washed using standard
methods. Ag (MBP1-9:I-Au)-specific CD4⫹ T cells in LNs, spleens, or
CNS samples were quantitated by four-color flow cytometric analyses.
Cells were incubated with PE-labeled MBP1-9[4Y]:I-Au tetramer and fluorescently labeled Abs (as indicated in the figure legends) at 12°C for 2 h
and washed twice before flow cytometric analyses. When anti-V␣2 (TCR)
Ab was used, a two-step staining protocol was used. Following incubation
with tetramer and other Abs at 12°C and one wash in PBS, cells were
incubated with anti-V␣2 Ab at 4°C for 30 min and washed before analysis.
Stained cells were analyzed using a FACSCalibur (BD Biosciences) and
data analyzed using CellQuest (BD Biosciences) or WinMDI 2.8 (The
Scripps Research Institute (http://facs.scripps.edu)).
To quantitate the absolute number of cells of each subpopulation in the
samples, 50 l of PBS containing 2 ⫻ 104 propidium iodide-labeled cells
(BW5147 cells labeled by fixation and propidium iodide addition) was
added to each tube immediately before flow cytometric analysis. The cell
numbers in each subset were then calculated for each sample as described
previously (28). Apoptotic/necrotic cells were assessed by staining with 5
g/ml 7-aminoactinomycin D (BD Pharmingen).

Histological analyses
Brains and vertebral columns were harvested from mice between days 15
and 19 postimmunization by terminal cardiac perfusion with heparinized
saline (10 U/ml) followed by 10% formalin. The brains were coronally
sectioned, processed, and embedded in paraffin. Vertebral columns were
decalcified in Cal-Rite (Richard-Allen Scientific) for 48 h, cut transversally
into segments, and then processed and embedded in paraffin. Five-micrometer sections from each block were stained with H&E for microscopic
examination.
The CNS sections of samples were scored for meningitis and myelitis in
blinded fashion. For each mouse, two to three sections of brain and six to
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FIGURE 1. Induction of EAE and analysis of Ag-specific T cells in B10.PL mice following immunization with different doses of Ag. A, Mice (five
per group) were immunized with PBS, 200 g of MBP1-9 (4K), and 200 g or 2 g of MBP1-9[4Y] (4Y) peptide emulsified in CFA supplemented
with 4 mg/ml mycobacterium. A total of 200 ng of pertussis toxin was administered i.p. on day 0 and day 2 postimmunization. The clinical score
of EAE was determined daily as described in Materials and Methods. Disease incidence (numbers of mice showing disease symptoms/total number
of mice) for each group was as follows: PBS, zero of five mice; 200 g of 4K, four of six mice; 200 g of 4Y, zero of five mice; and 2 g of 4Y,
five of five mice. Error bars, SEs. From days 16 –24, significant differences (Mann-Whitney U test, p ⬍ 0.05) were seen between mice treated with
200 g of 4Y and those treated with 2 g of 4Y or 200 g of 4K. B, Analyses of numbers of Ag-specific CD4⫹ T cells using PE-labeled
MBP1-9[4Y]:I-Au tetramers (20). Numbers of CD4⫹tetramer⫹ (top panels), CD4⫹tetramer⫹V␣2⫹ (middle panels), and CD4⫹tetramer⫹V␣2⫺
(bottom panels) cells per mouse in spleens and pooled draining LNs in mice treated with different doses of Ag on the day of immunization (day 0)
and days 4, 8, 11, and 18 postimmunization are shown. C, Dot plots showing the staining of Ag-specific T cells (with PE-labeled MBP1-9[4Y]:I-Au
tetramers; “4Y-tetramers”) and FITC-labeled anti-V␣2 Ab in CD4⫹ cells in LNs isolated from mice on days 4 and 8 postimmunization. Numbers
on dot plots indicate the percentages of tetramer⫹V␣2⫺ and tetramer⫹V␣2⫹ cells within the CD4⫹ populations. D, Plots of ratios of mean
fluorescence intensity (MFI) for PE-labeled MBP1-9[4Y]:I-Au tetramer (“4Y-tet”) to MFI for allophycocyanin-labeled anti-CD3 for both
CD4⫹tetramer⫹V␣2⫺ and CD4⫹tetramer⫹V␣2⫹ populations from LNs analyzed directly ex vivo. Data in B–D show results from analyses of LNs
or spleens pooled from two mice per group. All data are representative of at least two independent experiments.

eight sections across the entire length of spinal cord were examined microscopically. Quantitative analyses of inflammation were performed for
spinal cord sections using Image J (http://rsb.info.nih.gov/ij/download.htm) to determine the circumference and area of each section. The
scoring for meningitis was determined by calculating the number of inflammatory cell layers in the meninges and multiplying this number by the
length of the meninges affected by inflammation (29). This length determination was subsequently divided by the circumference of the meninges
and expressed as the percentage of the meninges with inflammation. Myelitis was evaluated by determining the area of each lesion. These areas
were divided by the total area of each spinal cord section and expressed as
the percentage of the spinal cord area showing myelitis (29). The histological score for each animal was derived from the average percentage of
six to eight sections across the entire spinal cord.

In vitro stimulation assays
Spleen cells were cultured (6 ⫻ 106 cells/ml) in 96-well plates in complete
DMEM containing 2 mM L-glutamine, 5 ⫻ 10⫺5 M 2-ME, 1 mM sodium
pyruvate, 100 U/ml penicillin, 100 g/ml streptomycin (Invitrogen Life
Technologies), and 10% FCS for 96 h. MBP peptides were added at different concentrations (indicated in the figures). For the last 16 h of culture,
1 Ci of [3H]thymidine (Amersham Biosciences) was added to each well.
Proliferation is expressed as [3H]thymidine incorporation (mean ⫾ SE cpm
of triplicate cultures). IFN-␥ concentrations were determined in culture
supernatants following 72 h of stimulation by ELISA as previously described (30) and expressed as mean ⫾ SE of triplicate cultures.

Intracellular cytokine detection
Following immunization of B10.PL mice with different peptide doses,
splenocytes were harvested and cultured (2 ⫻ 106 splenocytes/well) in
48-well plates in the presence of 50 g/ml MBP1-9 or 10 g/ml MBP19[4Y] in complete DMEM. For each condition, 4 – 6 wells were used. One

microliter of the protein transport inhibitor GolgiPlug (BD Pharmingen),
containing brefeldin A, was added per milliliter of medium. Cultures were
maintained for 4 h at 37°C in a 5% CO2 incubator. Cells were then harvested, washed twice with PBS, fixed with 5% formalin for 20 min at room
temperature, washed once with PBS, once with 1% BSA/PBS, and permeabilized with 0.1% saponin in 1% BSA/PBS for 10 min at room temperature. Following fixation and permeabilization, cells were stained with
FITC- or Alexa 488-labeled anti-CD4, allophycocyanin-labeled anti-IFN-␥
and PE-labeled anti-IL-17, or allophycocyanin-labeled anti-CD4 and PElabeled anti-TNF-␣, washed, and analyzed by flow cytometry.

BrdU staining of cells in vivo
For BrdU staining, mice were injected twice (i.p.) 2 and 4 h before harvesting of LNs and splenocytes with 500 g of BrdU (BD Pharmingen) per
mouse. LN and spleen cells were isolated as above, washed twice with
PBS, stained with PerCP-labeled anti-CD4, washed, fixed, permeabilized
and treated with DNase for 60 min at 37°C to expose DNA labeled with
BrdU. Cells were washed and stained with a FITC- (Caltag Laboratories)
or allophycocyanin-labeled anti-BrdU Ab (BD Pharmingen) at room temperature for 20 min, washed and analyzed by flow cytometry as above.

Statistical analyses
For statistical analyses of disease incidence and in vitro T cell responses,
Statistical Package for the Social software was used. Nonparametric tests
appropriate to the sample size were applied. The Kruskal-Wallis test was
used to compare all experimental groups, and when significant differences
were found, the Mann-Whitney U test was used for pairwise comparisons.
Histological data were analyzed using ANOVA. In all cases, p values of
⬍0.05 were considered to indicate significant differences.
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FIGURE 2. Analyses of CNS infiltrates following treatment of mice with different Ag doses. A, Determination of numbers of cells per mouse of the
indicated subpopulations in mice following immunization with PBS, 200 g of 4K and 2 g or 200 g of 4Y emulsified in CFA supplemented with 4 mg/ml
mycobacterium. A total of 200 ng of pertussis toxin was administered i.p. on day 0 and day 2 postimmunization. Dot plots show forward scatter vs side
scatter (FSC/SSC) and CD45 vs SSC for CD3⫹ lymphocytes (black), microglia (light gray), macrophages (black), and granulocytes (dark gray). Data shown
are derived from pooled CNS (brain and spinal cord) samples from two mice per group, sacrificed on days 4, 8, 11, and 18 postimmunization. B, Dot plots
showing CNS infiltrates on days 11 and 18 postimmunization in mice treated as in A. The first column shows dot plots for staining with PerCP-labeled
anti-CD45 vs SSC of the CNS samples. CD45high and CD45low windows were set in these plots (indicated by dotted lines), and dot plots for the CD45high
populations stained with PE-labeled F4/80 vs FITC-labeled I-Au are shown for both days 11 and 18 postimmunization. Cell populations are indicated by
colors as in A. Columns on the right of the figure show PE-labeled MBP1-9[4Y]:I-Au tetramer vs FITC-labeled CD4 staining for gated CD45highCD3⫹ cells
on day 18 postimmunization. Numbers on dot plots indicate the percentages of cells in each population (F4/80highI-Au low or F4/80highI-Au high for CD45high
cells, with numbers shown in lower quadrants, or tetramer⫹ cells in the CD45highCD3⫹ populations). All data are representative of at least two independent
experiments.

Results
Quantitative analyses of autoreactive T cells indicate a lack of
correlation between EAE incidence and autoantigen specific T
cell number
B10.PL (H-2u) mice were immunized with the wild-type peptide
MBP1-9 (“4K”) (200 g) with lysine at position 4, or the position
4 analog, MBP1-9[4Y] (“4Y”) (2 or 200 g) with lysine substituted by tyrosine. Due to the higher affinity of the 4Y analog for
binding to I-Au (5–7), the use of this analog results in higher effective doses relative to 4K, even when the same total amount of
peptide is used. The disease course in mice treated with different
effective doses of peptide is shown in Fig. 1. Consistent with earlier reports (10), treatment of mice with 200 g of 4Y results in
either no EAE or a low incidence of mild disease (Fig. 1A and data
not shown). Importantly, low doses (2 g) of 4Y are as encephalitogenic as 200 g of 4K (Fig. 1A), indicating that the difference
in disease incidence following treatment with 200 g of 4K vs 200
g of 4Y is solely due to variations in effective peptide dose, rather
than the position 4 substitution resulting in a conformational variant that does not elicit pathogenic T cells. In addition, the use of 2
g of 4K did not induce disease (data not shown), indicating that
this low-peptide dose falls below the threshold necessary to elicit
EAE. This is also consistent with the data of others demonstrating
that very low doses of 4Y (⬃20 ng) are not encephalitogenic (31).
Fluorescently labeled MBP1-9[4Y]:I-Au tetramers (20) were
used to track and quantitate Ag-specific T cells at various times
following immunization of B10.PL mice with different peptide
doses. We also analyzed V␣2 expression by the Ag-specific T
cells, because in B10.PL mice the TCR ␣-chain usage of enceph-

alitogenic T cells is biased toward V␣2 usage with a lesser bias
toward V␣4 (24). Clear populations of Ag-specific T cells could be
detected in draining LNs and spleens 8 days following immunization (Fig. 1, B and C). This is followed by a peak of Ag-specific T
cells in the spleen at day 11 (Fig. 1B). By day 18 postimmunization, the numbers of Ag-specific T cells in LNs and spleens have
decreased to almost background levels (Fig. 1B). Significantly, the
highest Ag dose (200 g of 4Y) that is poorly encephalitogenic
induces greater expansion of Ag-specific T cells relative to lower
doses (200 g of 4K or 2 g of 4Y). This difference is particularly
marked for splenocytes (Fig. 1B).
We also investigated the possibility that a high effective dose of
Ag (200 g of 4Y) results in the deletion of high-avidity cells from
the peripheral repertoire (10), leaving a residual population of lowavidity cells that are not encephalitogenic. Such lower avidity cells
might initially enter the CNS but be incapable of inducing an inflammatory infiltrate. The avidities of the Ag-specific T cells were
investigated by analyzing the MBP1-9[4Y]:I-Au tetramer staining
levels of T cells isolated from LNs of mice treated with different
peptide doses (Fig. 1D). We have found that under the conditions
of tetramer staining used, the fluorescence level is a reliable indicator of avidity of the T cells for pMHC ligand (32). For these
experiments, TCR expression levels on cells were also analyzed
and included as a normalization factor for tetramer staining levels
(32, 33). This was necessary to ensure that differences in tetramer
staining levels were not due to variations in extents of TCR downregulation. Although the availability of tetramer and LN cells limited these analyses to single data points per group, rather than
dissociation analyses of tetramer staining (34), our observations
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FIGURE 3. Analyses of behavior of transferred MBP1-9:I-Au specific T cells bearing TCRs of known affinities for MBP1-9:I-Au. A, EAE induction in
B10.PL mice transferred with T cells derived from mice transgenically expressing either the 172.10 or 1934.4 TCR (23, 25). B10.PL males (five animals
per group) were transferred with either 2 ⫻ 105, 5 ⫻ 103, or zero (no-transfer) CD4⫹ cells mixed with splenocytes from 172.10 or 1934.4 tg mice and
immunized with 200 or 2 g of 4Y. Pertussis toxin was not used in these experiments. Clinical scores of EAE were determined daily as described in
Materials and Methods. Disease incidence and mean disease scores for each group are shown in Table I. Error bars, SEs. From days 12–17 (172.10 tg T
cells) and days 15–23 (1934.4 tg T cells) significant differences (Mann-Whitney U test, p ⬍ 0.05) were seen for mice transferred with 2 ⫻ 105 T cells and
treated with 200 g of 4Y or 2 g of 4Y. There were no significant differences for mice transferred with 5 ⫻ 103 or 2 ⫻ 105 splenocytes followed by
treatment with 2 g of 4Y. B, Dot plots showing staining levels for CFSE- and PE-labeled MBP1-9[4Y]:I-Au tetramer (“4Y-tet”), PE-labeled anti-TCR
V␤8 (F23.1), or PE labeled anti-V␣2 in LNs and spleens following immunization of mice transferred with 106 CFSE-labeled CD4⫹ cells as a mixture of
splenocytes from both 172.10 and 1934.4 tg mice and immunized as in A. 172.10 and 1934.4 tg T cells are indicated by black and dark gray dots,
respectively. On day 3 postimmunization, CD4⫹CFSE⫹ 172.10 (V␣2⫹) and CD4⫹CFSE⫹ 1934.4 (V␣2⫺) tg cells were distinguished based on the levels
of staining by tetramer (172.10 ⬎ 1934.4), anti-V␤8 Ab (1934.4 ⬎ 172.10) or anti-V␣2 Ab, as indicated. By 4 days postimmunization, the CFSE signal
was almost undetectable, and for day 16, postimmunization tg cells were therefore identified as CD4⫹Tet⫹V␣2⫹ (primarily 172.10 tg T cells) and
CD4⫹Tet⫹V␣2⫺ (primarily 1934.4 tg T cells) as depicted in the lowest panels. Numbers on dot plots indicate the percentages of 172.10 or 1934.4 tg T
cells within the CD4⫹ populations (comprising both endogenous and tg CD4⫹ cells). Data are derived from pooled samples from two mice per group. C,
Numbers of 172.10 and 1934.4 tg T cells estimated as described in B in the CNS, inguinal LNs, and spleens at 0, 3, 7, and 16 days postimmunization. All
data are representative of at least two independent experiments.

suggest that the avidities of the T cells between groups do not
show marked differences when analyzed directly ex vivo (Fig. 1D).
The extent of infiltration of inflammatory cells correlates with
EAE incidence and severity
As EAE is induced by T cell entry into the CNS followed by the
infiltration of inflammatory cells (3, 35, 36), we next quantitated
the numbers of infiltrating T cells, macrophages, and granulocytes
in B10.PL mice following immunization with different effective
doses of peptide (2, 200 g of 4Y or 200 g of 4K). The data in
Fig. 2 show that, around the time of the peak of disease at day 18
postimmunization, encephalitogenic doses of peptide induce
greater infiltration of T cells, macrophages, and granulocytes than
a poorly encephalitogenic dose. Significantly, at a time point close
to disease onset (day 11; Fig. 1A), infiltration of both T cells and
macrophages can be observed in mice immunized with 200 g of
4Y that are even slightly greater than those observed for encephalitogenic peptide doses (Fig. 2A). However, these infiltrates do
not progress to the higher levels that are observed at day 18 in mice

treated with encephalitogenic doses. Ag-specific T cells (assessed
using pMHC tetramers) could also be detected at day 18 in the
CNS in all groups of mice following Ag treatment. Although at
day 18 postimmunization the numbers of infiltrating CD3⫹ cells
were much greater in mice treated with 200 g of 4K or 2 g of
4Y relative to those treated with 200 g of 4Y, the percentages of
Ag-specific cells among these cells were similar for all groups
(Fig. 2B). At day 11, the percentages of Ag-specific T cells among
the CD3⫹ cells were 0.1, 1.3, 0.8, and 1.5% for mice treated with
PBS, 200 g of 4K, 2 g of 4Y, and 200 g of 4Y, respectively.
High-avidity T cells are not purged from the repertoire in
response to immunization with high effective dose of Ag
To further investigate the behavior of Ag-specific T cells following
the use of different effective peptide doses, we also analyzed
B10.PL mice following adoptive transfer of different numbers of
splenic T cells that transgenically express TCRs (172.10 and
1934.4) specific for MBP1-9:I-Au (23, 25). Our earlier studies
showed that the 172.10 and 1934.4 TCRs have affinities for pMHC
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Table I. EAE incidence in B10.PL male mice following transfer with 172.10 or 1934.4 tg cells and
immunization with the indicated dose of Ag
Type/No.
Transferred Cells

Type of
Immunization

n.s./na

Incidence
(%)

Mortality
(%)

Average EAE
Scoreb

No cell transfer

200 g of 4Y
2 g of 4Y
PBS
200 g of 4Y
2 g of 4Y
PBS
200 g of 4Y
2 g of 4Y
PBS
200 g of 4Y
2 g of 4Y
PBS
200 g of 4Y
2 g of 4Y

0/6
0/6
0/3
0/5
2/4
0/3
2/5
6/6
0/3
0/4
3/4
0/3
1/4
3/4

0
0
0
0
50
0
40
100
0
0
75
0
25
75

0
0
0
0
0
0
0
0
0
0
25
0
0
50

0
0
0
0
2
0
1.5
3.25
0
0
2.25
0
1
3.25

172.10/5 ⫻ 103
172.10/2 ⫻ 105
1934.4/5 ⫻ 103
1934.4/2 ⫻ 105

a
b

Number of animals with disease score ⱖ 1.0 (sick animals)/total number of animals.
Average of peak disease scores from animals with score ⱖ 1.0.

ligand of 8.8 and 36.8 M (32), respectively, and from tetramer staining analyses, their avidities fall at the high and low ends of the avidity
spectrum of the Ag-specific repertoire in B10.PL mice (data not
shown). Following transfer of these cells, mice were immunized
with different peptide doses (2 or 200 g of 4Y, in the absence of
pertussis toxin) and disease incidence and severity analyzed (Fig.
3A and Table I). The data recapitulate the effects of using different
Ag doses that are seen in B10.PL mice in the absence of T cell
transfer but with pertussis toxin treatment (Fig. 1). Consistent with
the known need for pertussis toxin for the effective induction of
EAE, immunization of B10.PL mice without T cell transfer and
pertussis toxin resulted in no disease or very mild disease at low
incidence (Fig. 3A and Table I; no transfer).
We also analyzed the expansion of CFSE-labeled tg T cells in
mice that were recipients of both high (172.10)- and low (1934.4)avidity tg T cells. These mice were immunized with different effective doses of Ag and T cell expansion in spleens and LNs was
analyzed 3 days later. 172.10 and 1934.4 tg T cells were distinguished based on the staining levels of tetramer (172.10 ⬎ 1934.4)
and TCR V␤ levels (172.10 ⬍ 1934.4). The data show that both
high- and low-avidity cells expand better in vivo in response to
200 g of 4Y relative to 200 g of 4K or 2 g of 4Y (Fig. 3B).
In addition, although 172.10 tg cells do not proliferate as well as
1934.4 cells, this is so for all Ag doses (and is also observed for in
vitro proliferative responses of these tg cells; data not shown).
Notably, even when the Ag dose differs by 100-fold (200 vs 2 g
of 4Y), the ratios of 172.10:1934.4 cells at 3 days following immunization are very similar (0.27 vs 0.22 for inguinal LNs, 0.16 vs
0.15 for splenocytes). This indicates that higher avidity cells are
not preferentially expanded in the presence of low Ag dose and are
also not preferentially deleted by high effective dose. Furthermore,
at day 16 postimmunization both high (172.10; tetramer⫹V␣2⫹)and low (1934.4; tetramer⫹V␣2⫺)-avidity cells could be readily
detected in all groups of mice, although the CFSE staining levels
were below the level of detection at this time (Fig. 3B, lower
panels).
We also analyzed the expansion of transferred, CFSE-labeled tg
T cells in the cervical LNs of mice treated with different effective
doses of Ag (Fig. 3B). These LNs were chosen as they are both
distal to the immunization site and drain the CNS. Given the difficulty in determining the concentration of functionally active peptide in vivo using, for example, labeled peptides, these analyses
therefore give an indication of the distribution of Ag following the

delivery of different doses. The data show substantially greater
expansion of transferred tg cells of both high (172.10; V␣2⫹)- and
low (1934.4; V␣2⫺)-avidity at day 3 posttransfer in mice immunized with 200 g of 4Y relative to 2 g of 4Y or 200 g of 4K
(Fig. 3B). These observations support the idea that the high concentration of peptide diffuses and persists throughout the body
where it can effectively restimulate Ag-specific cells.
The higher numbers of Ag-specific T cells in the transfer experiments also facilitated their quantitation in the CNS. The numbers and pattern of infiltrating, tetramer-positive cells show a very
similar trend to that observed for CD3⫹ cells in B10.PL mice
without cell transfer (Figs. 2A and 3C). Before disease onset, Agspecific cells in the CNS are greater in number in 200 g of 4Ytreated mice relative to those in mice immunized with 200 g of
4K or 2 g of 4Y, but at the peak of disease, this is clearly reversed. Furthermore, in both draining LNs and spleens, the Agspecific cells are in general present in higher numbers following
treatment with 200 g of 4Y, with the differences being most
marked at day 3 postimmunization (Fig. 3, B and C). Although we
cannot exclude the contribution of endogenous Ag-specific cells to
the total cell numbers determined in these experiments, the numbers of Ag-specific cells in immunized B10.PL mice are ⬃100fold lower in mice that were not recipients of transferred cells
(Figs. 1B and 3C). Analyses of the percentages of apoptotic/necrotic cells in recipients of CFSE-labeled tg cells showed slightly
higher percentages for mice immunized with 2 g of 4Y relative
to 200 g of 4Y at day 3 postimmunization that were more marked
in the CFSE-negative CD4⫹ (endogenous) cells (data not shown).
The data indicate that relative to 200 g of 4K or 2 g of 4Y, 200
g of 4Y induces greater expansion of both high- and low-avidity
cells, and these differences become very marked at sites such as the
cervical LNs that are distal to the immunization site. Taken together with the data presented in Fig. 2, there appears to be little
evidence for the deletion of high-avidity cells following immunization with 200 g of 4Y.
A high effective dose of Ag does not result in T cell
hyporesponsiveness
Although the data in Fig. 1 suggest that the responding T cells
from mice treated with different peptide doses do not appear to
differ in avidity for cognate pMHC ligand, it is still possible that
they differ in “functional avidity” (37). To investigate this possibility, proliferation and cytokine production by Ag-specific T cells
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FIGURE 4. T cell responses following immunization
of mice with different Ag doses. A, B10.PL mice were
immunized with 200 g of 4K and 2 g or 200 g of 4Y
peptide emulsified in CFA supplemented with 4 mg/ml
mycobacterium. A total of 200 ng of pertussis toxin was
administered i.p. on day 0 and day 2 postimmunization.
LNs and spleens were isolated from mice (pooled from
two mice per group per time point) at days 6, 8, 10, 13, and
15 postimmunization. Two and 4 h before harvesting LNs
and spleens, mice were injected with BrdU. Numbers of
CD4⫹BrdU⫹ cells were determined by flow cytometry.
Splenocytes were incubated with 10 g/ml 4Y for 4 h in
the presence of GolgiPlug, and then CD4⫹IL-17⫹,
CD4⫹IFN-␥⫹, and CD4⫹TNF-␣⫹ cells quantitated by intracellular staining and flow cytometry. B, Proliferation
and IFN-␥ secretion of splenocytes isolated from mice
(pooled from two to three mice per group) following in
vitro restimulation. Splenocytes were harvested from mice
on day 11 following immunization with different peptide
doses (as for A; symbols used for different peptide doses or
PBS are shown in the inset in the upper right panel). The
peptide (4K or 4Y) used for in vitro recall is indicated
above the panels. Error bars indicate SEs. *, p ⬍ 0.05
(Mann-Whitney U test), comparing cells from mice immunized with 200 g of 4Y vs cells from mice immunized
with 2 g of 4Y, 200 g of 4K, or PBS (control). All data
are representative of at least three independent
experiments.

were quantitated by BrdU uptake and intracellular cytokine staining of ex vivo T cells isolated from the LNs and spleens of mice
treated with different doses of peptide. On days 8 and 10 following
immunization, the LN cells from 200 g of 4Y-treated mice were
proliferating more than those from mice treated with encephalitogenic peptide doses (Fig. 4A). This is consistent with the increased
number of Ag-specific T cells (Fig. 1). Splenocytes from mice
immunized with 200 g of 4Y also produced more IFN-␥ and
TNF-␣ following in vitro restimulation for 4 h, with the difference
becoming most marked on day 13 (Fig. 4A). Recently, IFN-␥ has
been shown to inhibit the development of IL-17-producing CD4⫹
T cells (Th-17 cells) that are associated with autoimmunity (38 –
41). We therefore analyzed IL-17 production in the different

groups of mice. Importantly, IL-17-producing cells were also more
abundant in mice treated with a high effective dose of Ag, indicating that the inhibition of development of this lineage of cells is
not related to the low disease incidence following immunization
with 200 g of 4Y. In addition, we could not detect IL-4 or IL-10
in the cultures at any stage postimmunization (data not shown).
We also analyzed the proliferative and IFN-␥ responses of
splenocytes isolated from mice in the different groups at 11 days
postimmunization followed by in vitro stimulation for 3– 4 days
(Fig. 4B). We observed that consistent with the ex vivo analyses
(Fig. 4A), cells isolated from mice treated with the highest effective
peptide dose (200 g of 4Y) generally showed the greatest proliferative and cytokine (IFN-␥) responses, indicating that this

FIGURE 5. Anti-IFN-␥ Ab treatment in combination with 200 g of 4Y induces severe EAE. A, B10.PL mice were immunized with 200 g of 4Y
peptide emulsified in CFA supplemented with 4 mg/ml mycobacterium. A total of 200 ng of pertussis toxin was administered i.p. on day 0 and day 2
postimmunization. Mice (five per group) were injected i.v. with 30 or 100 g of anti-IFN-␥ Ab or 100 g of isotype-matched control Ab on days 6 and
9 postimmunization. As a control for disease induction, mice were also immunized with 2 g of 4Y followed by pertussis toxin as above. Disease incidence
(numbers of mice showing disease symptoms/total number of mice) for each group was as follows: 2 g of 4Y, three of three mice; 200 g of 4Y plus
100 g of anti-IFN-␥ Ab, four of five mice; 200 g of 4Y plus 30 g of anti-IFN-␥ Ab, two of five mice; 200 g of 4Y plus 100 g of isotype-matched
control Ab, two of five mice. Error bars, SEs. For days 14 –26, differences between mice treated with 2 g of 4Y or 200 g of 4Y plus 100 g of anti-IFN-␥
Ab were not significant, whereas there were significant differences between mice treated with 2 g of 4Y or 200 g of 4Y plus isotype control (MannWhitney U test, p ⬍ 0.05; from data pooled from three independent experiments). B, Mice (four per group) were treated as in A, except that there was no
group treated with 200 g of 4Y plus 30 g of anti-IFN-␥ Ab. Representative H&E-stained sections of spinal cord show inflammatory lesions. The lesions
included both meningitis (indicated by yellow arrows) and myelitis (indicated by blue arrows).
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Table II. Histological analyses in mice treated with Ag plus anti-IFN-␥ Ab
Treatmenta

Meningitisb

Myelitisb

2 g of 4Y
200 g of 4Y plus 100 g
of isotype control
200 g of 4Y plus 100 g
of anti-IFN-␥

1.67 ⫾ 0.69
0.18 ⫾ 0.14

0.28 ⫾ 0.19
0.00 ⫾ 0.01

1.65 ⫾ 1.12c

0.39 ⫾ 0.28c

a

Mice were treated as in Fig. 5B.
Sizes of inflammatory lesions were assessed as in Ref. 29 and Materials and
Methods, and mean values for all sections within each treatment group are shown. For
each mouse (four mice per group), six to eight sections of spinal cord were analyzed.
c
Indicates significantly different compared with values for mice treated with 200
g of 4Y followed by isotype-matched Ab (ANOVA, p ⫽ 0.032 for myelitis, p ⫽
0.04 for meningitis), and not significantly different compared with mice treated with
2 g of 4Y (ANOVA, p ⫽ 0.54 for myelitis, p ⫽ 0.98 for meningitis).
b

poorly encephalitogenic dose of Ag does not generate CD4⫹ cells
that are refractory to restimulation. Thus, the inability of T cells
from mice immunized with 200 g of 4Y to induce disease does
not appear to be due to lower cytokine production nor to an inability of the cells to proliferate in response to Ag. Indeed, upon
restimulation, these cells consistently produce higher levels of
IFN-␥ relative to CD4⫹ T cells from mice immunized with lower
effective doses. Taken together with the indication from the cervical LN analyses that immunization with a high effective dose of
peptide results in a broad distribution of Ag (Fig. 3B and data not
shown), the data in Fig. 4 suggest that high nonencephalitogenic
doses of 4Y peptide result in increased levels of IFN-␥ at diffuse
sites in the body.
The combination of anti-IFN-␥ Ab treatment and high effective
dose of Ag induces severe EAE
Our data suggest that the high levels of IFN-␥ that are produced by
Ag-specific T cells following treatment of mice with 200 g of 4Y
might be related to the low disease incidence. However, this does
not causally link elevated IFN-␥ levels to resistance to EAE. We
therefore investigated whether lowering IFN-␥ levels in the presence of treatment with 200 g of 4Y would result in overt autoimmunity. Mice were immunized and treated with different doses
of anti-IFN-␥ (Fig. 5A). Immunization with 200 g of 4Y followed
by i.v. delivery of 100 g of anti-IFN-␥ Ab on each of days 6 and
9 results in disease incidence and severity similar to that induced
by 2 g of 4Y, although the disease shows a slightly later onset.
The use of lower doses of anti-IFN-␥ Ab (30 g) does not have
any effect. The elevated levels of IFN-␥ that result from treatment
with 200 g of 4Y are therefore protective against EAE.
Histological analyses of mice treated as in Fig. 5A were also
conducted. Lesions in all groups of mice consisted of a mild-tomoderate, focal, nonsuppurative meningitis, and myelitis in the
lumbar and cervical segments of spinal cords and minimal meningitis in the pons and cerebrum, with higher numbers of lesions in
mice treated with 200 g of 4Y plus anti-IFN-␥ Ab relative to
mice treated with 200 g of 4Y plus isotype-matched control Ab
(Fig. 5B and data not shown). Quantitative analyses of the meningitis and myelitis indicated no significant differences between
mice treated with 2 g of 4Y and 200 g of 4Y plus anti-IFN-␥
Ab, whereas significant differences were seen between these two
groups and mice treated with 200 g of 4Y plus isotype-matched
Ab (Table II).

Discussion
Despite relevance to multiple aspects of T cell biology, there is a
paucity of knowledge concerning possible correlations between
(auto)antigen dose and the characteristics of the responding T

cells. In the current study, we have analyzed the dynamic properties of the immune response in H-2u mice following immunization
with different doses of the N-terminal epitope of MBP (MBP1-9)
or its higher affinity position 4 analog, MBP1-9[4Y], that binds to
I-Au with 103- to 104-fold higher affinity (7, 10). Significantly, we
show an inverse correlation between the strength of Ag-specific T
cell responses, including IFN-␥ production, and disease activity.
Furthermore, the pMHC tetramer staining levels of the Ag-specific
T cells are not altered by Ag dose such that higher avidity cells
would correlate with disease incidence and severity. Taken together with our observation that a poorly encephalitogenic high
dose of Ag can be converted into an efficient inducer of disease in
the presence of anti-IFN-␥ Ab, our results indicate that the inability of high effective doses of Ag to elicit EAE is causally related
to a negative feedback loop in which this cytokine is centrally
involved.
We show that a poorly encephalitogenic high dose of Ag induces a robust peripheral T cell response that results in enhanced
levels of IFN-␥, TNF-␣, and IL-17 relative to those seen in mice
treated with lower Ag doses that progress to severe EAE. Following immunization with high or low effective doses of Ag, T cells
enter the CNS between days 8 and 11 postimmunization. Significantly, higher numbers of infiltrating T cells, macrophages, and
granulocytes are observed at a time point (day 11) immediately
before the expected time of disease onset in mice treated with a
poorly encephalitogenic high dose of Ag relative to mice immunized with lower doses. Ag-specific T cells, enumerated using
pMHC tetramers, comprise a low percentage of the infiltrating
CD4⫹ cells for all doses of Ag. Similarly, in MBP79-89-induced
EAE in SJL mice, Ag-specific T cells assessed by ELISPOT assays
represented a low proportion (1 in 300) of total CD4⫹ cells in the
CNS (17), in contrast to studies in which the entry of passively
transferred T cells were quantitated (42). Remarkably, the CNS
infiltrates in mice treated with high dose of Ag, although initially
greater in magnitude than those treated with lower encephalitogenic doses, do not progress to higher levels. Rather, they show a
decrease, while substantial increases in infiltration of inflammatory
cells are observed in mice that succumb to disease following immunization with lower doses of Ag.
The question therefore arises as to why, following immunization
with a high dose (200 g) of MBP1-9[4Y], the initial CNS infiltrate does not progress further to culminate in disease? Restimulation of infiltrating T cells in the CNS has been shown to be
involved in the pathogenesis of EAE (43, 44). One possibility is
that a high Ag dose results in alteration of the peripheral repertoire
to induce T cells of low (functional) avidity that, following entry
into the CNS, cannot be restimulated to induce an inflammatory
infiltrate (10). However, our data would argue against this. First, a
high effective dose of Ag results in T cells that produce greater
levels of cytokines (IFN-␥, IL-17, and TNF-␣) and proliferate
more both in vivo and in vitro compared with T cells in mice
treated with encephalitogenic doses. Second, at around day 11, we
observe greater numbers of inflammatory cells in the CNS of mice
treated with a high effective dose of Ag relative to those that will
succumb to disease, suggesting that the initial infiltrate is prorather than anti-inflammatory. Our results suggest that following
entry into the CNS, a regulatory mechanism prevails in mice that
are treated with high dose of Ag that arrests further inflammation
and the manifestation of disease. Furthermore and consistent with
the conclusions drawn from ELISPOT analyses by Lehmann and
colleagues (17) in a distinct model of EAE, these observations
indicate that the analysis of peripheral T cell numbers and properties may not be a useful predictor of disease in EAE.
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Importantly, the combination of high Ag dose (200 g of 4Y)
and anti-IFN-␥ treatment results in the onset of severe disease.
Taken together with the greater responsiveness of Ag-specific T
cells following high dose Ag treatment, our data are therefore consistent with a model in which low levels of IFN-␥ are proinflammatory, but once a certain threshold of stimulation and concentration of IFN-␥ is reached, the anti-inflammatory role of IFN-␥
becomes dominant. This threshold might also be reached in, for
example, Drak2⫺/⫺ mice (45) that in contrast to other models of T
cell hyperresponsiveness (30) are resistant to EAE induction. An
anti-inflammatory role for IFN-␥ in EAE is well documented. For
example, genetic deletion of either the IFN-␥ or IFN-␥ receptor
gene leads to exacerbation of EAE in mice (46 – 48). In addition,
anti-IFN-␥ treatment can worsen disease (3, 49, 50) whereas intrathecal IFN-␥ delivery or high IFN-␥ levels induced by early
IL-12 administration can protect against EAE (51, 52). High doses
of (auto)antigen, as used in the current study, might therefore induce a regulatory feedback mechanism that through IFN-␥ effects
serves to down-regulate robust T cell responses that might otherwise be damaging. Consistent with this concept, using in vivo
proliferative responses of autoreactive T cells as a readout, we
show that a poorly encephalitogenic high dose of Ag results in
more potent T cell stimulation in LNs, including the cervical LNs,
and spleens relative to lower encephalitogenic doses.
Data to support various mechanisms for the anti-inflammatory
effects of IFN-␥ have been described, and these include antiproliferative and proapoptotic effects that involve NO production by
macrophages or resident microglia (53–57) or the inhibition of the
development of IL-17-producing CD4⫹ cells that are associated
with autoimmunity (38 – 41). Our immunohistological analyses indicate no major differences in the numbers of apoptotic cells in the
mice in the different groups (data not shown), but this may be due
to the greater number of infiltrating cells at the peak of disease in
the lower Ag dose groups combined with the susceptibility of infiltrating CD4⫹ cells to undergo apoptosis in the CNS (58 – 60).
IFN-␥ has also been shown to result in hyporesponsiveness in T
cells by inducing CD3 down-regulation (61), but we do not observe differences in intracellular CD3 levels (data not shown) nor
T cell hyporesponsiveness in mice treated with higher doses of Ag.
Furthermore, we observe greater numbers of IL-17-producing
CD4⫹ cells following treatment of mice with a high effective dose
of Ag, indicating that in the current study the protective effects of
IFN-␥ are not through the inhibition of the development of Th-17
(IL-17 producing) cells.
Recent studies have shown that Gr1⫹ myeloid cells that are
dependent on IFN-␥ production by CD4⫹ T cells can play a role
in regulating EAE (62). We observe Gr1⫹ cells in the CNS of mice
treated with both high and low effective doses of Ag (data not
shown). Thus, during the early stages of infiltration, higher levels
of IFN-␥ produced either systemically or locally by infiltrating
CD4⫹ cells in the CNS in response to relatively high levels of
(exogenous) Ag might provide an environment that is conducive to
the induction of the regulatory activity of Gr1⫹ cells. The diffuse,
and functionally active, peptide distribution following the delivery
of high doses of MBP1-9[4Y] would be predicted to support local
stimulation and IFN-␥ secretion in the CNS. Infiltrating Gr1⫹ cells
could then, via NO mediated pathways (62– 64), down-regulate the
inflammatory process and halt the sequelae that lead to overt
disease.
Our observations do not exclude the additional involvement of
TNF-␣ in down-modulating disease. In this context, greater levels
of TNF-␣ are produced following the use of a high effective dose
of Ag relative to lower doses, in a pattern that resembles that of
IFN-␥ production. TNF-␣ has been shown in multiple models to
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have anti-inflammatory effects via mechanisms that include apoptosis induction, IL-12/IL-23 inhibition, or CD3 down-regulation
(65– 69). However, we clearly show that reduction of elevated
IFN-␥ levels is sufficient to reverse the protective effects of treatment with a high dose of Ag, placing IFN-␥ as a central regulator
of the disease process.
The experiments in this study demonstrate that when analyzed
directly ex vivo, the Ag dose does not affect the avidities of the
responding T cells in a way that would explain the differences in
disease incidence. These data would appear to be discordant with
earlier studies in which Ag-specific T cells derived from H-2u mice
immunized with MBP1-9 or position 4 analogs (4A and 4Y) were
analyzed and deletion of high-avidity peripheral T cells by higher
doses of Ag was reported (10). However, the T cell lines and
hybridomas analyzed in the earlier study had been restimulated in
vitro with varying Ag doses. The possibility that changes in the
responding T cell repertoire had occurred during restimulation can
therefore not be excluded. Such alteration of the avidities of T cells
during in vitro cultivation has been observed by others in distinct
Ag recognition systems (70, 71). The effect of varying Ag dose
in the current study therefore appears to impinge on the robustness
of the primary response but does not affect the qualitative nature of
the responding repertoire in terms of T cell avidity. Such observations are consistent with those of McHeyzer-Williams and colleagues (18) where primary T cell responses to cytochrome c were
studied, and, above a certain threshold, no major differences in
repertoire were observed over a wide range of Ag doses. Consistent with the current study, ELISPOT assays of CD4⫹ T cells in
the MBP79-89/SJL mouse model of EAE provided little evidence
for the preferential recruitment and expansion of high-avidity cells
in the CNS, suggesting that selection for such cells does not play
a role in pathogenesis (17). Our data concerning the adoptive transfer of T cells from tg mice expressing the 1934.4 and 172.10 TCRs
that have different affinities for Ag (32) are in accord with the
concept that above a certain avidity threshold, cells of both high
and low avidity can be involved in disease progression. However,
this does not exclude a role for high-avidity “driver” clones such
as T cells bearing the 172.10 TCR (with CDR3␤ “DAGGGY”
motif) in the development of EAE (72–74).
Our studies have implications for understanding the factors that
lead to overt autoimmunity, with a particular focus on the nature of
the autoreactive T cell response. They indicate that high doses of
Ag induce a regulatory feedback mechanism that limits the response through IFN-␥-mediated effects. This has direct relevance
to the treatment of autoimmunity by targeting cytokines such as
IFN-␥ that can have both pro- and anti-inflammatory effects. We
also show that autoreactive T cell number and production of cytokines such as IFN-␥, TNF-␣, and IL-17 in the periphery are not
useful predictors of progression to overt disease. These analyses
have broader relevance that extend beyond understanding autoimmunity to, for example, the development of vaccines for which a
robust Th1-type response is required. Specifically, to protect
against potential damage caused by inflammation, responses above
a given threshold may be susceptible to the regulatory effects of
IFN-␥ and therefore less efficacious than milder immunization
regimes.
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