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Abstract
When Th1 effector CD4 cells encounter tolerizing Ag in vivo, their capacity to express the effector
cytokines IFN-γ and TNF-α is lost more rapidly than noneffector functions such as IL-2 production
and proliferation. To localize the relevant intracellular signaling defects, cytokine expression was
compared following restimulation with Ag vs agents that bypass TCR-proximal signaling. IFN-γ and
TNF-α expression were both partially rescued when TCR-proximal signaling was bypassed,
indicating that both TCR-proximal and -distal signaling defects impair the expression of these two
effector cytokines. In contrast, bypassing TCR-proximal signaling fully rescued IL-2 expression. T-
bet, a transcription and chromatin remodeling factor that is required to direct the differentiation of
naive CD4 cells into IFN-γ -expressing Th1 effectors, was partially down-modulated in tolerized
Th1 effectors. Enforcing T-bet expression during tolerization selectively rescued the ability to
express IFN-γ, but not TNF-α. Conversely, expression of a dominant-negative T-bet in Th1 effectors
selectively impaired the ability to express IFN-γ, but not TNF-α. Analysis of histone acetylation at
the IFN-γ promoter further suggested that down-modulation of T-bet expression during Th1 effector
CD4 cell tolerization does not impair IFN-γ expression potential through alterations in chromatin
structure.

Self-reactive T cells have generally been thought to undergo tolerization at either of two
separate stages in their development. The majority of self-reactive T cells undergo negative
selection during development in the thymus, where immature T cells expressing TCRs that
recognize MHC molecules presenting self-epitopes at high affinity/avidity undergo deletion
(1–4). Subsequently, mature T cells that recognize parenchymal self-Ags that are not presented
in the thymus can be subject to a variety of peripheral tolerization mechanisms such as deletion
(5–7), functional inactivation (also referred to as adaptive tolerance or anergy; Ref. 8) or
suppression (9,10). Although it had been suggested that only naive self-reactive T cells were
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susceptible to peripheral tolerization, it has recently been demonstrated that virally primed self-
reactive effector (11) and memory (12) T cells are equally susceptible. Tolerization of self-
reactive effector and memory T cells that are initially primed by pathogens expressing cross-
reactive Ags (i.e., molecular mimicry; Ref. 13) could potentially limit their potential to inflict
autoimmune damage, while tolerization of tumor-reactive effector and memory T cells might
negatively impact tumor immunity (14,15).

Given the relevance of effector and memory T cell tolerization to both autoimmunity and tumor
immunity, dissection of the underlying mechanisms will be important for designing approaches
to manipulate these pathways for therapeutic benefit. To study Th1 effector CD4 cell peripheral
tolerization induced by cognate self-Ag, we previously developed an adoptive retransfer
system in which naive clonotypic TCR transgenic CD4 cells specific for the model Ag
influenza hemagglutinin (HA)3 are initially transferred into recipients that have been infected
with a recombinant HA-expressing vaccinia virus (which induces Th1 differentiation), and
subsequently retransferred into secondary recipients that express HA as a parenchymal self-
Ag. Our initial findings indicated that self-Ag-induced Th1 effector CD4 cell tolerization is a
complex process in which different functions are lost with different kinetics. Thus, the ability
to express the effector cytokines IFN-γ and TNF-α are lost more rapidly than noneffector
functions such as IL-2 production and proliferation (11,16).

Because IFN-γ and TNF-α can both play critical roles in various models of autoimmunity
(17–20) and tumor immunity (21–25), in the current study, we sought to uncover the basis by
which their expression potentials are impaired during Th1 effector CD4 cell tolerization. To
begin to localize the intrinsic intracellular signaling defects, cytokine expression in tolerized
effectors was compared following restimulation with Ag vs agents that bypass the TCR-
proximal signaling machinery. IFN-γ and TNF-α expression in tolerized effectors were both
partially rescued when TCR-proximal signaling was bypassed, indicating the existence of both
TCR-proximal and -distal signaling defects that impair the expression potentials of these two
effector cytokines. In contrast, IL-2 expression was fully rescued when TCR-proximal
signaling was bypassed. Expression of T-bet, a transcription and chromatin remodeling factor
that is required to direct the differentiation of naive CD4 cells into effectors that express the
hallmark Th1 cytokine IFN-γ (26–29), was partially down-modulated in tolerized effectors, as
was the IL-12R β-chain (which is regulated by T-bet; Refs. 27 and 30). Enforcing T-bet
expression during Th1 effector CD4 cell tolerization rescued the ability to express IFN-γ, but
not TNF-α. Conversely, expression of a dominant-negative T-bet in Th1 effectors impaired
the ability to express IFN-γ, but not TNF-α. Taken together, these data indicate that down-
modulation of T-bet expression in tolerized Th1 effector CD4 cells selectively impairs IFN-γ
expression potential, thus extending the range of the known functions of T-bet in CD4 cells to
include the regulation of peripheral tolerance. Analysis of histone acetylation at the IFN-γ
promoter in tolerized effectors further suggested that down-modulated T-bet expression does
not impair IFN-γ expression potential through alterations in chromatin structure.

Materials and Methods
Adoptive transfer and flow cytometry

Adoptive transfers of CFSE-labeled 6.5 TCR transgenic naive and Th1 effector Thy1.1+

clonotypic CD4 cells (31) into Thy1.2+ recipients, vaccinia inoculations, and subsequent
functional analyses were performed as previously described (16,32), with the following
modifications. Intracellular cytokine staining of nonretrovirally transduced clonotypic CD4

3Abbreviations used in this paper: HA, hemagglutinin; MFI, mean fluorescence intensity; ChIP, chromatin immunoprecipitation; wt,
wild type; DN, dominant negative; NT, nontransgenic; vacc-HA, recombinant vaccinia expressing HA; PI, PMA plus ionomycin.
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cells (identified as Thy1.1+ and CFSE-divided) was performed following in vitro stimulation
for 3 h with 5 μg/ml brefeldin A (Sigma-Aldrich) and the cognate I-Ed-restricted HA peptide
(100 μg/ml) or PMA (125 ng/ml; Sigma-Aldrich) plus ionomycin (2.5 μg/ml; Sigma-Aldrich),
or for 11 h with IL-12 (10 U/ml; a gift from Genetic Institute, Cambridge, MA) plus IL-18 (50
ng/ml; Cell Sciences) with brefeldin A added for the final 2 h. For anti-CD3 stimulations,
enriched clonotypic CD4 cells were incubated with brefeldin A for 3 h in flat-bottom 96-well
plates that had been pre-coated with anti-CD3ε (eBioscience) in PBS at 25 μg/ml. Cells were
stained with anti-Thy1.1 PerCP (eBioscience), followed by fixation, permeabilization and
staining with anti-TNF-α allophycocyanin and anti-IFN-γ PE or anti-IL-2 PE (eBioscience) as
indicated, and analyzed on a FACSCalibur flow cytometer (BD Biosciences). Total
intracellular cytokine expression (expressed in arbitrary units) was calculated as the product
of the percentage of cytokine-expressing clonotypic CD4 cells and the mean fluorescence
intensity (MFI) of cytokine expression in these positively staining cells, as previously described
(32). Adoptive transfers and intracellular cytokine staining of retrovirally transduced
clonotypic Th1 effector CD4 cells were performed similarly, except that the transferred cells
were not labeled with CFSE, and following in vitro restimulation, were stained with anti-
Thy1.1 PE (eBioscience), anti-CD4 PerCP-Cy5 (BD Biosciences), anti-IFN-γ allophycocyanin
(eBioscience), anti-TNF-α PE-Cy7 (BD Biosciences) and analyzed on a LSR II flow cytometer
(BD Biosciences). The Animal Care Committee of the University of Connecticut Health Center
approved all mouse protocols used in this study.

Immunomagnetic enrichment of Thy1.1+ clonotypic CD4 cells
Adoptively transferred Thy1.1+ clonotypic CD4 cells were enriched from recipient spleens
using MACS technology as per the manufacturer’s instructions (Miltenyi Biotec) with minor
modifications. Briefly, total spleen was labeled with PE-conjugated anti-Thy1.1 (eBioscience)
in sterile PBS with 2% BSA and 2.5 mM EDTA for 10 min at 4°C, washed, and then labeled
with anti-PE microbeads for an additional 15 min. The microbead-labeled Thy1.1+ cells were
subsequently enriched by serial passage over a MS MACS column, a Lympholyte-M gradient
(Cedarlane Laboratories), and finally a second MS MACS column. With an initial clonotypic
CD4 cell frequency of 1.5% or greater, this enrichment protocol generally yielded purities of
85–90%. Chromatin immunoprecipitation (ChIP) and RT-PCR analyses were only performed
on samples that were enriched to at least 85%.

Reverse transcription
Approximately 1–2 × 105 enriched clonotypic CD4 cells were homogenized and expunged of
genomic DNA using a QIAshredder kit, total RNA was isolated using a RNeasy mini isolation
kit, and reverse transcription was performed using an Omniscript Reverse Transcription kit
with oligo(dT)16 as primer (Qiagen), all according to the manufacturer’s instructions.

Real-time PCR
Real-time quantitative PCR was performed on cDNA (RT-PCR) and precipitated genomic
DNA (ChIP) using an iCycler iQ system and iQ SYBR Green Supermix (Bio-Rad). Primer
sequences were as follows: IFN-γ promoter: forward (F): 5′-TCAGCTGATCCTTTG GACCC,
reverse (R): 5′-CTCAGAGCTAGGCCGCAGG; CD3ε enhancer: F: 5′-
TTCCAAGTGACGTGGAGCAG, R: 5′-AGGTGTCTGAACCCCACACAG; TNF-α
promoter: F: 5′-TTTTCCGAGGGTTGAATGAGA, R: 5′-AGACGGCCGCCTTTATAGC;
hypoxanthine phosphoribosyltransferase cDNA: F: 5′CTCCTCAGACCGCTTTTTGC, R: 5′-
TAACCTGGTTCATCATCGCTAATC; IL-12Rβ cDNA: F: 5′-
ACAACCTGAGCTCTGCGAAATT, R: 5′-TGTAGGCTGCTTATTGGATGTGAG;
IL-18Rα cDNA: F:5′-ACACCTTGGAATTCTGGCCA, R: 5′-
TGCGACGATCATTTCCGAC; T-bet cDNA: F:5′-CGGGAGAACTTTGAGTCCATGT, R:
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5′-GCTGGCCTGGAAGGTCG, and IFN-γ cDNA: F: 5′-
CATTGAAAGCCTAGAAAGTCTGAATAAC, R: 5′-TGGCTCTGCAGGATTTTCATG-3′.
All samples were run in duplicate using cycling conditions of 95°C for 5 min, then 45 cycles
of 95°C for 20 s and 60°C for 60 s. SYBR Green fluorescence was measured during the 60°C
annealing step. Melting curve analysis and agarose gel electrophoresis were performed to
verify that the amplified products constituted discrete molecular species (data not shown).
Quantitation of RT-PCR and ChIP data were performed by first normalizing for input template
amounts using hypoxanthine phosphoribosyltransferase- and CD3ε-specific primers,
respectively, and subsequently calculating the fold-difference between experimental and a
representative naive CD4 cell sample using the Δ-Δ cycle threshold method (described in User
Bulletin No. 2; Applied Biosystems).

Retroviral transductions
The MigR1-based retroviral vectors that express wild-type (wt) T-bet and dominant-negative
(DN) T-bet bicistronically with GFP have been described (27,33). The retroviral packaging
cell line Phoenix-Eco was originally developed by Dr. G. Nolan (Stanford University, Stanford,
CA), and obtained from the American Type Culture Collection. Phoenix-Eco cells were
transfected with retroviral vectors using TransIT-293 reagent (Mirus Bio) according to the
manufacturer’s instructions, and 48 h later, retrovirus was harvested from culture supernatants.
Spleen cells from 6.5 TCR transgenic mice containing naive clonotypic CD4 cells were
cultured (1 × 107/ml) in 24-well plates with 100 μg/ml synthetic I-Ed-restricted HA peptide
plus IL-2 (50 U/ml; National Cancer Institute Biological Research Branch, Frederick, MD)
and IL-12 (2.5 ng/ml; Genetic Institute) in IMDM medium containing 10% FBS. Twenty-four
hours later, the activated clonotypic CD4 cells were mixed with freshly prepared retrovirus
plus 8 μg/ml polybrene (Sigma-Aldrich) and 50 U/ml IL-2 and centrifuged at 2500 rpm for 90
min at 30°C. Subsequently, 70% of the supernatant was removed, and fresh medium containing
50 U/ml IL-2 and 2.5 ng/ml IL-12 were added, and the cells incubated at 37°C. Following an
additional 6 days of culture, the transduced cells were washed twice in Hank’s and adoptively
transferred into recipients at 2.5 × 106 clonotypic CD4 cells per mouse.

Chromatin immunoprecipitation
ChIP analysis was performed using the Acetyl-Histone H3 Immunoprecipitation (ChIP) Assay
kit (Upstate Biotechnology) according to the manufacturer’s instructions. Briefly, enriched
clonotypic CD4 cells were fixed with 0.5% formaldehyde for 10 min at 37°C, washed twice
with ice-cold PBS, and resuspended in ChIP lysis buffer. The lysates were subsequently
sonicated to shear the genomic DNA into 200–1000 bp fragments using a Misonix S3000
sonicator: each sample was sonicated on ice 20 times for 10 s at an output level of 1.5 with a
20 s rest between each pulse. Sonicated lysates were microcentrifuged at 14,000 rpm for 10
min, and supernatants were added to ChIP dilution buffer (1/10) and precleared with protein
A-agarose beads before overnight incubation at 4°C with antiacetylated histone H3 (4 μl per
immunoprecipitation). Protein A-agarose beads were subsequently added and the incubation
was extended for an additional 1 h, followed by sequential washing one time each with low-
salt buffer, high-salt buffer, and LiCl buffer, and finally two washes with TE buffer.
Precipitated chromatin complexes were eluted off of the washed beads with 0.1 M NaHCO3
and 1% SDS, cross-links were reversed at 65°C for 4 h following addition of NaCl to a final
concentration of 200 mM, and then 20 μg of proteinase K along with EDTA (final concentration
10 mM) and Tris (pH 6.5 at final concentration of 40 mM) were added for a final 1 h incubation
at 45°C. DNA was extracted with phenol and chloroform, ethanol-precipitated along with 20
μg of glycogen as a carrier, and subsequently analyzed by real-time PCR. The minimum
number of clonotypic CD4 cells required to detect a reproducible difference in histone H3
acetylation in the IFN-γ promoter region comparing naive vs Th1 effector clonotypic CD4 cells
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is 1 × 105 (data not shown), although experimental samples contained 3–5 × 105 clonotypic
cells.

Results
Multiple signaling defects impair IFN-γ and TNF-α expression in tolerized Th1 effector CD4
cells

We have previously demonstrated that when naive clonotypic HA-specific TCR transgenic
CD4 cells are adoptively transferred into nontransgenic (NT) recipients that have been infected
with a recombinant vaccinia virus that expresses HA (vacc-HA) they differentiate into Th1
effectors (32), but that these effectors can subsequently be induced to undergo peripheral
tolerization following retransfer into transgenic secondary recipients that express HA as a
parenchymal self-Ag (11). Interestingly, self-HA induces a rapid loss in the ability of these
Th1 effectors to express IFN-γ and TNF-α, while their ability to express IL-2 and proliferate
is lost more slowly (11,16). To begin to localize the signaling defect(s) associated with the
inability to express these cytokines during effector tolerization, we assessed whether cytokine
expression could be rescued by stimulation with PMA plus ionomycin (PI) (Fig. 1). Because
PMA and ionomycin directly activate protein kinase C and release intracellular Ca2+,
respectively, thus bypassing TCR-proximal signaling events, comparing cytokine expression
in tolerized effectors restimulated with HA peptide-pulsed APCs (peptide) vs PI should indicate
whether the underlying signaling defect(s) is proximal or distal to the TCR.

To establish baseline cytokine expression potentials before tolerization, the ability of naive
and day 6 primary Th1 effector clonotypic CD4 cells to express intracellular IFN-γ, TNF-α,
and IL-2 was compared following in vitro stimulation with HA peptide vs PI (Fig. 1). Although
naive CD4 cells expressed negligible levels of IFN-γ in response to both peptide and PI
stimulation, TNF-α and IL-2 expression potentials were more apparent. Day 6 virally primed
Th1 effectors (recovered from spleens of primary adoptive transfer recipients) expressed
markedly enhanced levels of all three cytokines in response to peptide stimulation, and PI
stimulation could, in some cases, further enhance these levels by as much as an additional 2-
fold.

To assess cytokine expression potentials in self-Ag-tolerized Th1 effector CD4 cells, day 6
primary effectors were retransferred into C3-HA transgenic (line 142; Ref. 34) recipients that
express HA as a parenchymal self-Ag, and recovered from spleens 4 days later for analysis.
As a control, primary effectors were also retransferred into a second set of vacc-HA-infected
NT recipients (i.e., 2° effectors). This second round of viral-HA priming generally further
enhanced cytokine expression potentials. Consistent with our previous observations (11,16),
1° effectors exposed to self-HA underwent numerous rounds of division as indicated by CFSE
dilution (data not shown), and expressed substantially reduced levels of IFN-γ, TNF-α, and
IL-2 following in vitro peptide stimulation, compared with counterparts re-exposed to viral
HA. Interestingly, PI restimulation rescued IL-2 expression in tolerized effectors to a level that
was comparable to control 2° effectors, however, IFN-γ and TNF-α expression were only
partially rescued by PI. Thus, TNF-α expression in tolerized effectors remained ~2-fold lower
than in control 2° effectors, and although IFN-γ expression in tolerized effectors was only ~30
– 40% reduced, compared with control 2° effectors, this difference was observed in two
independent experiments (compare Fig. 1C to 1D). To further assess the reproducibility of this
result, effector CD4 cell tolerization was induced via bolus soluble HA peptide injections
(11). Similar to the results with self-HA (Fig. 1), in either primary (Fig. 2) or secondary (Fig.
3) recipients, PI stimulation partially rescued IFN-γ and TNF-α expression in clonotypic
effector CD4 cells tolerized by four consecutive daily peptide injections, compared with
nontolerized controls. Taken together, these results suggested that while tolerized effectors
have a TCR-proximal signaling defect(s) that impairs the expression potentials of IFN-γ, TNF-
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α, and IL-2, there is also a TCR-distal defect(s) that selectively impairs IFN-γ and TNF-α
expression potentials.

T-bet is down-modulated in tolerized Th1 effector CD4 cells
To begin characterizing the molecular basis for impaired cytokine expression in tolerized Th1
effector CD4 cells, tolerized and non-tolerized clonotypic effector CD4 cells were enriched
from spleens of adoptive transfer recipients by MACS column chromatography. Because the
frequency of effectors tolerized by retransfer into self-HA-expressing 2° recipients is generally
lower than effectors tolerized by bolus soluble HA peptide in 1° recipients (data not shown),
the latter were used in the following experiments to maximize the yield and purity of enriched
clonotypic CD4 cells (purities ranged between 85 and 90%, data not shown). Additionally,
because the frequency of 1° effectors drops from ~2% of splenocytes at day 6 to ~1% at day
10, and clonotypic frequencies of <1.5% generally result in substantially reduced purities
following MACS enrichment (data not shown), day 6 primary effectors were used as controls
for tolerized effectors that were exposed to bolus soluble HA peptide on days 6–9 and harvested
on day 10 (the frequency being ~2%). To validate this approach, we directly compared the
potential of day 6 vs day 10 nonpeptide-treated 1° effectors to express IFN-γ and TNF-α
following restimulation with either peptide or PI, and found that day 10 effectors expressed
comparable if not slightly greater levels of both cytokines in response to either stimulant (data
not shown), indicating that impaired cytokine expression in day 10 peptide-treated effectors
relative to day 6 nontreated counterparts is the consequence of Ag-induced tolerance rather
than an inherent time-dependent diminution in effector function.

Using quantitative real-time RT-PCR, expression of the mRNA encoding the Th1
differentiation factor T-bet (26) was found to be ~30% lower in tolerized effector compared
with control nontolerized clonotypic Th1 effector CD4 cells (Fig. 4A). Although this difference
was relatively modest, it was statistically significant, and intriguingly was comparable in
magnitude to the difference in the ability of tolerized and nontolerized clonotypic Th1 effector
CD4 cells to express IFN-γ following PI stimulation (Figs. 1–3). T-bet protein levels in these
cells were not directly measured (in part due to the relatively small number of clonotypic cells
that could be recovered from adoptive transfer recipients), however, it did appear that tolerized
effectors possessed a reduced level of T-bet activity. Thus, expression of the IL-12 receptor
β subunit mRNA (whose expression is T-bet dependent; Refs. 27,30, and 33) but not the IL-18R
α subunit mRNA (whose expression is T-bet independent; Ref. 30) was significantly reduced
in tolerized, compared with control nontolerized clonotypic Th1 effector CD4 cells (Fig. 4A).
Furthermore, this reduction in IL-12R β subunit mRNA appeared to be associated with a
reduction in the level of the functional IL-12R because stimulation with IL-12 plus IL-18
(which can induce Ag-independent IFN-γ expression in Th1 effectors; Ref. 35) elicited
substantially reduced IFN-γ expression in tolerized, compared with control nontolerized
clonotypic effectors (Fig. 4B). Taken together, these data are consistent with tolerized Th1
effector CD4 cells expressing reduced levels of T-bet functional activity.

Enforcing T-bet expression during Th1 effector CD4 cell tolerization selectively rescues IFN-
γ expression

Given the reduction in T-bet expression and functional activity in tolerized Th1 effector CD4
cells, and that T-bet regulates IFN-γ expression at the chromatin/transcriptional level (26–28,
36–39), this reduced T-bet expression associated with tolerization might have been playing a
role in mediating the TCR-distal signaling defect that impairs IFN-γ expression. To test this
possibility, we asked whether enforcing T-bet expression during tolerization could rescue IFN-
γ expression potential. Thus, naive clonotypic CD4 cells were stimulated in vitro under Th1-
differentiating conditions, transduced 24 h later with either a recombinant retrovirus expressing
T-bet and GFP bicistronically or a control retrovirus expressing only GFP (27). Six days later
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(when the clonotypic CD4 cells had differentiated into Th1 effectors, data not shown) they
were transferred into self-HA or viral-HA recipients, and recovered from spleens 4 days later
for analysis (Fig. 5). Overall, the pattern of tolerization for in vitro-differentiated Th1 effectors
encountering self-HA was similar to that observed for in vivo-differentiated effectors (compare
Fig. 5 to Figs. 1–3). In particular, clonotypic effectors that had been transduced with the control
retrovirus and recovered from self-HA recipients exhibited substantially reduced IFN-γ and
TNF-α expression following restimulation with HA peptide-pulsed APCs, compared with
viral-HA recipients, and both IFN-γ and TNF-α expression were partially rescued by PI
stimulation.

Clonotypic Th1 effector CD4 cells recovered from self-HA-expressing recipients that had been
transduced (i.e., GFP+) with the T-bet retrovirus expressed 3- to 4-fold greater levels of IFN-
γ following restimulation with either peptide or PI, compared with clonotypic effectors that
had either been transduced with the control retrovirus or nontransduced (i.e., GFP−).
Furthermore, IFN-γ expression in PI-stimulated T-bet-transduced clonotypic effectors
recovered from self-HA recipients was rescued to a level that was equivalent to clonotypic
cells transduced with the control retrovirus that were recovered from viral-HA recipients, and
only partial rescue was observed when peptide was used as a stimulant (Fig. 5, A and B). Thus,
in effector CD4 cells exposed to tolerizing Ag, enforced T-bet expression rescued IFN-γ
expression potential more effectively when the TCR-proximal defect(s) was bypassed,
indicating that down-modulated T-bet expression plays a role in mediating the TCR-distal
defect that impairs IFN-γ expression. Interestingly, retrovirally mediated T-bet expression in
clonotypic effectors recovered from viral-HA recipients enhanced IFN-γ expression potential,
compared with counterparts transduced with the control retrovirus (Fig. 5, A and B), apparently
indicating that endogenous T-bet expression is not saturating, and that retroviral transduction
might result in T-bet levels that exceed normal. In viral-HA recipients there was also a more
modest increase in IFN-γ expression potential in the GFP− fraction of T-bet-transduced
clonotypic cells (Fig. 5B), which might have been the result of a CD4 cell-extrinsic mechanism
(see below).

Although enforced T-bet expression effectively rescued IFN-γ expression potential in self-HA
recipients (Fig. 5, A and B), it only had a marginal effect in rescuing TNF-α expression potential
(Fig. 5, C and D), suggesting that down-modulated T-bet expression in tolerized Th1 effector
CD4 cells selectively impairs IFN-γ expression potential. Nevertheless, retroviral T-bet
expression did elicit a modest increase in TNF-α expression potential in clonotypic effector
CD4 cells recovered from viral-HA recipients (Fig. 5, C and D). Given the lack of evidence
that T-bet directly regulates TNF-α this effect might have been indirect (e.g., perhaps resulting
from expression (in particular, naive CD4 cells do not express T-bet the increased IFN-γ
expression from the CD4 cells that was (Fig. 4A) but are able to express TNF-α (Fig. 1)), we
suspected that activating other components of the immune system that, in turn, stimulate the
CD4 cells to produce greater TNF-α levels). To more directly assess the CD4 cell-intrinsic
ability of T-bet to directly regulate IFN-γ and TNF-α expression in differentiated Th1 effectors,
day 6 in vitro-differentiated Th1 clonotypic effector CD4 cells were restimulated and
transduced with either the wt T-bet or a DN T-bet retroviral vector (33), and IFN-γ and TNF-
α expression potentials were analyzed following an additional 4 days of in vitro culture (Fig.
6). Similar to the result observed in the preceding in vivo transfer experiments (Fig. 5, A and
B), Th1 effectors transduced with the wt T-bet retrovirus expressed higher levels of IFN-γ
following restimulation with either peptide or PI, compared with control retrovirus-transduced
cells. The magnitude of this increase, however, was substantially less in the in vitro system,
perhaps because the effect of augmented T-bet expression in enhancing IFN-γ expression in
nontolerized effectors can be amplified in vivo through a CD4 cell-extrinsic (i.e., indirect)
pathway analogous to that proposed above to explain enhanced TNF-α expression. In contrast
to wt T-bet, effectors transduced with the DN T-bet retrovirus exhibited a 7- or 5-fold reduction
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in IFN-γ expression, compared with controls, following restimulation with peptide or PI,
respectively (Fig. 6, A and B). TNF-α expression potential was not substantially altered when
T-bet activity was either increased using wt T-bet, or decreased using DN T-bet (Fig. 6, C and
D). Taken together, these results indicate that alterations in T-bet activity in differentiated Th1
effector CD4 cells directly regulate IFN-γ, but not TNF-α, expression potential, and that down-
modulated T-bet expression in tolerized effector CD4 cells selectively impairs IFN-γ
expression potential.

Down-modulated T-bet expression appears to impair IFN-γ mRNA expression potential
without altering the chromatin structure of the IFN-γ promoter

Based on the ability of T-bet to regulate IFN-γ expression at the transcriptional level, we
predicted that the reduced ability of tolerized Th1 effector CD4 cells to express IFN-γ resulting
from down-modulated T-bet expression would correlate with reduced levels of IFN-γ mRNA.
To test this possibility, tolerized Th1 effector clonotypic CD4 cells and nontolerized controls
were enriched from adoptive transfer recipients and stimulated with either anti-CD3 or PI, and
subsequently, each sample was divided and subjected to intracellular staining to measure IFN-
γ protein (Fig. 7A) as well as real-time RT-PCR to measure IFN-γ mRNA levels (Fig. 7B). The
differences in IFN-γ protein expression between enriched effector and tolerized effector
clonotypic CD4 cells following stimulation with anti-CD3 or PI were similar to that earlier
observed in non-enriched cells stimulated with HA peptide-pulsed APCs or PI, respectively
(compare with Fig. 2). Importantly, the relative differences in IFN-γ mRNA levels between
samples (Fig. 7B) was very similar to the differences in IFN-γ protein levels (Fig. 7A),
confirming that in tolerized effector CD4 cells, reduced IFN-γ protein expression is associated
with a proportional decrease in IFN-γ mRNA levels.

T-bet regulates expression of the IFN-γ gene in CD4 cells by multiple mechanisms. During
Th1 differentiation, T-bet facilitates remodeling of the IFN-γ promoter region from a
condensed/closed to a decondensed/open configuration that is competent for transcription
(27,28,36), and in primary Th1 effectors, continued T-bet expression appears to be required to
maintain this open chromatin configuration (33). Additionally, once the IFN-γ promoter has
been remodeled, T-bet can bind to specific sequence elements to enhance transcription (26,
37–40). Acetylation of histones bound to the IFN-γ promoter is an early T-bet-dependent
chromatin remodeling event that correlates with transcriptional competence (28,36). Thus, to
assess whether decreased T-bet expression in tolerized Th1 effector CD4 cells might be limiting
IFN-γ expression potential by reverse-modeling the chromatin structure of the IFN-γ promoter
region from a decondensed back to a condensed configuration, we analyzed the extent of
histone H3 acetylation in the proximal promoter region using a ChIP assay (28,36). Because
it was only possible to enrich a relatively small number of clonotypic CD4 cells from adoptive
transfer recipients (typically 3–5 × 105, data not shown), quantitative real-time PCR was used
to amplify a DNA fragment corresponding to the IFN-γ proximal promoter that was precipitated
with an anti-acetylated histone H3 Ab, and normalized for the amount of input DNA using
primers specific for the CD3ε enhancer (which should be associated with acetylated histones
in all samples given that FACS analysis indicated that surface CD3ε protein expression is
comparable between clonotypic naive, effector, and tolerized effector CD4 cells, data not
shown).

Th1 clonotypic effectors exhibited a 6.5-fold increase in histone acetylation at the IFN-γ
promoter relative to naive clonotypic CD4 cells (Fig. 8A). As an additional validation of this
assay, no difference in the extent of histone acetylation was observed at the TNF-α promoter
between clonotypic naive and Th1 effector CD4 cells (Fig. 7B), consistent with the potential
of naive CD4 cells to express TNF-α (Fig. 1). Interestingly, histone acetylation at the IFN-γ
promoter in tolerized effectors was comparable, if not slightly greater, than nontolerized
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counterparts (Fig. 8A), and similarly, histone acetylation at the TNF-α promoter was not altered
during effector tolerization (Fig. 8B). These data suggest that down-modulated T-bet
expression in tolerized Th1 effector CD4 cells does not impair IFN-γ (or TNF-α) expression
potential through alterations in chromatin structure.

Discussion
The mechanisms that impair the ability of CD4 cells to proliferate and express IL-2 during the
development of nonresponsiveness/anergy have been the subject of considerable investigation
(reviewed in Ref. 8), however, relatively little is known regarding the mechanisms that impair
the expression of effector cytokines such as IFN-γ. This is largely because peripheral CD4 cell
tolerance has been studied primarily using either in vitro anergy models in which proliferative
and IL-2, but not IFN-γ, expression potentials are impaired (8), or in vivo adoptive transfer
systems in which naive CD4 cells (whose IFN-γ gene locus has not yet undergone chromatin
remodeling to become transcriptionally competent; Refs. 28,36,41,42) are exposed to
tolerizing forms of Ag (e.g., Refs. 43–45). Our Th1 effector CD4 cell tolerization system is
somewhat unique in this regard given that the loss of IFN-γ, and also TNF-α, expression
potential is lost more rapidly than IL-2 expression and proliferative potentials (11,16).

To begin probing the intracellular signaling defects responsible for impaired cytokine
expression potentials in tolerized Th1 effector CD4 cells, we assessed whether these defects
could be overcome using agents that bypass TCR-proximal signaling. This strategy fully
rescued IL-2 expression, consistent with previous in vitro (46–50) and in vivo (51) tolerance
studies that have found TCR-proximal signaling defects that impair proliferative and IL-2
expression potentials. Interestingly, bypassing TCR-proximal signaling in our system only
partially rescued IFN-γ and TNF-α expression potentials, indicating the existence of a TCR-
distal signaling defect(s) that impairs effector cytokine expression potentials. In attempting to
identify this putative TCR-distal signaling defect(s), we quantitatively analyzed expression
levels of mRNA encoding factors that play important roles in Th1 differentiation and function.
Expression of T-bet, which regulates IFN-γ expression in CD4 cells (26,29) at the
transcriptional and chromatin structural levels (26–28,36–40), was down-modulated ~30%,
compared with nontolerized counterparts. Although it appeared to be rather modest, this
reduction in T-bet expression was similar in magnitude to the reduction in the ability of these
cells to express IFN-γ in response to PI stimulation. Additionally, there was also a coordinate
reduction in expression of the IL-12R β subunit mRNA (which is regulated by T-bet; Refs.
27,30,33) but not the IL-18R α subunit mRNA (which is not regulated by T-bet; Ref. 30), as
well as a reduced ability to express IFN-γ in response to IL-12 + IL-18 stimulation.
Interestingly, it has previously been shown that naive CD4 cells that have been induced to
undergo peripheral tolerization while simultaneously receiving enforced OX40 co-stimulation
are able to express robust levels of IFN-γ in response to subsequent stimulation with either
IL-12 + IL-18 or PI (52), consistent with the possibility that enforced OX40 costimulation is
able to induce and/or maintain T-bet expression under tolerizing conditions. Nevertheless, our
current data indicate that T-bet can become down-modulated in Th1 effector CD4 cells that
have encountered tolerizing Ag under steady-state conditions.

Enforcing T-bet expression during Th1 effector CD4 cell tolerization selectively rescues the
ability to express IFN-γ, but not TNF-α, and conversely blocking T-bet activity in nontolerized
Th1 effectors using a DN T-bet selectively impairs the ability to express IFN-γ, but not TNF-
α. Because Th1 clones no longer require T-bet to express IFN-γ (33), our current observation
that alterations in T-bet activity influence IFN-γ expression potential in day 6 primary Th1
effectors (Figs. 5 and 6) might reflect that the IFN-γ promoter is only partially demethylated
at this time point (33), and that continued T-bet expression might be required to prevent binding
of the methylated DNA-associated corepressor mSin3a to the IFN-γ promoter (39). Thus, while
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our current study indicates that down-modulated T-bet expression can contribute to a TCR-
distal signaling defect that selectively impairs IFN-γ expression potential in primary Th1
effector CD4 cells exposed to tolerizing Ag, it might be possible that altered T-bet expression
levels play a less important role in the tolerization of more terminally differentiated Th1 effector
or memory CD4 cells in which the IFN-γ promoter is likely to be more fully demethylated
(33).

It is not clear what causes T-bet to become down-modulated in tolerized Th1 effector CD4
cells, although given that T-bet is regulated by STAT1 (30), one possibility is that suboptimal
exposure to IFN-γ during encounter with tolerizing Ag results in suboptimal STAT1 activation
and hence down-modulated T-bet expression. Nevertheless, it initially appeared that the
resulting decrease in IFN-γ expression potential could have been caused by at least two separate
mechanisms. During naive → Th1 effector differentiation, T-bet induces chromatin
remodeling of the IFN-γ promoter region from a condensed to a decondensed (i.e.,
transcriptionally competent) configuration (27,28,36). Although histone acetylation coinciding
with transcriptional competence occurs before the day 6 postpriming time point (28,36) when
tolerization was induced in the current study, DNA demethylation which might stabilize this
open chromatin configuration is only partial at this time point, and inhibition of T-bet activity
via DN T-bet results in reverse-modeling of the IFN-γ gene as indicated by the loss of a T-bet-
induced hypersensitive site in the first intron (33). This prompted us to ask whether the partial
down-modulation of T-bet expression during Th1 effector tolerization might promote reverse-
modeling of the IFN-γ promoter region back to a condensed configuration, thus limiting IFN-
γ expression potential. Analysis of histone acetylation at the IFN-γ promoter in tolerized and
nontolerized Th1 effector CD4 cells suggests, however, that reverse-modeling does not occur
in this system. It thus appears that maximal T-bet expression is not required to maintain the
IFN-γ gene in an open chromatin configuration, but is nevertheless required for maximal IFN-
γ expression. Given that down-modulated T-bet expression in tolerized Th1 effectors does not
appear to limit IFN-γ expression through alterations in the chromatin structure of the IFN-γ
gene, this effect could be mediated via reduced transcriptional initiation at a decondensed
promoter (26,37–40).

Our current data are consistent with the possibility that down-modulated T-bet expression in
tolerized Th1 effector CD4 cells plays a pivotal role in mediating the TCR-distal defect that
selectively impairs IFN-γ expression potential. First, the magnitude of diminished IFN-γ
expression following stimulation with PI (i.e., when the TCR-proximal signaling defect is
bypassed) is comparable to the decrease in T-bet mRNA, and a direct correlation between the
levels of T-bet and IFN-γ expression has previously been observed in Th1 effectors generated
from T-bet haploinsufficient mice (29). Additionally, enforcing T-bet expression during
tolerization via retroviral transduction prevents the TCR-distal defect from developing. It might
be possible, however, that down-modulated expression of other critical transcription factors
also contributes to impaired IFN-γ expression given the possibility that retroviral transduction
might result in a supraphysiological level of T-bet expression which could potentially
compensate for additional deficiencies. The transcription factors AP-1 and NFAT are unlikely
to be involved in such a scenario, given that they both play a role in regulating IL-2 expression
(8), and PI stimulation (which activates the respective protein kinase C and calcium pathways
that activate these factors) elicits comparable IL-2 expression in both tolerized and nontolerized
Th1 effectors.

In summary, this study extends the range of the known functions of T-bet in CD4 cells. Thus,
in addition to its well-established role as an essential factor that is required to direct the
differentiation of naive CD4 cells into Th1 effectors, it can also play a role in the peripheral
tolerization of Th1 effectors.
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FIGURE 1.
Th1 effector CD4 cells tolerized following retransfer into cognate self-Ag-expressing
recipients exhibit multiple signaling defects that impair IFN-γ and TNF-α expression. A,
Diagram of experimental design. Naive 6.5 TCR transgenic HA-specific clonotypic CD4 cells
expressing the Thy1.1+ congenic marker (N) were labeled with CFSE and adoptively
transferred into vacc-HA-infected NT Thy1.2+ recipients, and 6 days later when they had
differentiated into resting Th1 effectors (primary effectors or 1°E, identified as Thy1.1+ and
CFSE-diluted), they were harvested from spleens, relabeled with CFSE, and retransferred into
either a second set of vacc-HA-infected NT recipients (secondary effectors or 2°E) or
transgenic self-HA-expressing secondary recipients (tolerized effectors or TE) and
subsequently harvested from spleens 4 days later for analysis. B, Representative intracellular
staining plots of IFN-γ vs TNF-α expression in clonotypic CD4 cells following in vitro
restimulation with either HA peptide-pulsed APCs (Peptide) or PI. Shown are the percentages
of cytokine-expressing cells, and level of IFN-γ expression (MFI) in parentheses. Note that the
percentage of cytokine-expressing naive clonotypic CD4 cells stimulated with peptide is
underestimated by ~3-fold because CFSE dilution could not distinguish clonotypic from
nonclonotypic cells during the brief in vitro stimulation that was insufficient in duration to
induce division of the clonotypic cells. C, Quantitative analysis corresponding to A. Total
intracellular cytokine expression (expressed in arbitrary units, mean ± SEM) was calculated
as the product of the percentage of cytokine-expressing clonotypic CD4 cells and the MFI of
cytokine expression as previously described (32); n = 4, 2, and 3 for 1°E, 2°E, and TE,
respectively, and the naive group was a single pooled sample generated from three separate
mice. D, Quantitative analysis of a second independent experiment performed similarly to that
described in A and B; n = 4 for each group, except for naive which was a single pooled sample
generated from four separate mice.
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FIGURE 2.
Th1 effector CD4 cells tolerized in primary recipients following exposure to bolus injections
of soluble HA peptide exhibit similar impairments in IFN-γ and TNF-α expression potentials
as those induced by self-HA. A, Diagram of experimental design. vacc-HA-infected NT 1°
recipients were treated with or without soluble HA peptide boluses on days 6, 7, 8, and 9, and
tolerized clonotypic effectors (TE) and nontolerized effectors (E), respectively, were harvested
from spleens on day 10 for analysis. Representative IFN-γ vs TNF-α intracellular staining plots
(B) and quantitative analysis (C) are presented as in Fig. 1; n = 4 for both groups.
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FIGURE 3.
Th1 effector CD4 cells tolerized following retransfer and exposure to bolus injections of
soluble HA peptide exhibit similar impairments in IFN-γ and TNF-α expression potentials as
those induced by self-HA. A, Diagram of experimental design. Secondary effectors (2°E) and
tolerized effectors (TE) were generated as in Fig. 1, except that TE were harvested from NT
2° recipients that had been treated on days 6, 7, 8, and 9 with soluble HA peptide boluses.
Representative IFN-γ vs TNF-α intracellular staining plots (B) and quantitative analysis (C)
are presented as in Fig. 1; n = 4 for both groups
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FIGURE 4.
T-bet is down-modulated in tolerized Th1 effector CD4 cells. A, 1° effectors (E) and HA peptide
bolus-tolerized clonotypic effectors (TE) generated as in Fig. 2 were enriched from recipient
spleens, and T-bet, IL-12Rβ, and IL-18Rα mRNA levels were compared by real-time RT-PCR.
Data is presented as the ratio of mRNA expression between either E or TE and a representative
naive clonotypic CD4 cell sample; n = 15 for both groups; *, p < 0.05 using an unpaired two-
tailed t test. B, Quantitative analysis of intracellular IFN-γ expression (presented as in Fig.
1C) in E and TE following in vitro restimulation with IL-12 + IL-18; n = 7 and 8 for E and ET,
respectively.
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FIGURE 5.
Enforcing T-bet expression in Th1 effector CD4 cells undergoing tolerization selectively
rescues IFN-γ expression. Naive clonotypic CD4 cells were stimulated in vitro under Th1-
differentiating conditions, transduced with either a T-bet-expressing or control retrovirus, at
day 6 posttransduction transferred into either self-HA (TE) or viral-HA (2°E) recipients, and
4 days later recovered from spleens for analysis; n = 8, 7, 9, and 9 for TE control, TE T-bet,
2°E control, and 2°E T-bet, respectively. A, Representative IFN-γ vs GFP expression plots for
recovered clonotypic CD4 cells (Thy1.1+) restimulated with either HA peptide or PI, with the
percentage and MFI for IFN-γ expression in GFP+ clonotypic cells shown. B, Quantitative
analysis of data corresponding to A is presented as in Fig. 1B. C, Representative TNF-α vs GFP
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expression plots for the cells shown in A. D, Quantitative analysis of data corresponding to
C.
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FIGURE 6.
Expression of a DN T-bet in Th1 effectors selectively impairs IFN-γ expression potential. Day
6 in vitro-differentiated Th1 clonotypic effector CD4 cells were restimulated and transduced
with either a control, wt T-bet, or a DN T-bet retroviral vector. IFN-γ and TNF-α expression
in response to restimulation with either HA peptide or PI was analyzed following an additional
4 days of culture; n = 4 for each group. A, Representative IFN-γ vs GFP expression plots are
presented as in Fig. 5A. B, Quantitative analysis of data corresponding to A. C, Representative
TNF-α vs GFP expression plots. D, Quantitative analysis of data corresponding to C.
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FIGURE 7.
Decreased IFN-γ protein expression in tolerized Th1 effector CD4 cells is associated with a
proportional decrease in IFN-γ mRNA levels. Primary effectors (E) and HA peptide
bolustolerized clonotypic effectors (TE) were enriched from recipient spleens and stimulated
with either anti-CD3 or PI. Subsequently, a portion of each sample was subjected to
intracellular staining to measure IFN-γ protein (A, presented as total IFN-γ expression as in
previous figures) and the remaining cells analyzed by real-time RT-PCR to measure IFN-γ
mRNA levels (B, presented as in Fig. 4A); n = 8 for E plus anti-CD3, 5 for E plus PI, 10 for
TE plus anti-CD3 and 7 for TE plus PI.
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FIGURE 8.
Down-modulation of T-bet expression in tolerized Th1 effector CD4 cells does not alter histone
acetylation at the IFN-γ promoter. Primary effectors (E) and HA peptide bolus-tolerized
clonotypic effectors (TE) were enriched from recipient spleens, and ChIP analysis performed
using real-time PCR to assess acetylation of histone H3 at the IFN-γ (A) and TNF-α (B)
promoters. Data are presented as the ratio of H3 acetylation between either E or TE and a
representative naive clonotypic CD4 cell sample; n = 7 and 6 for E and TE, respectively.
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