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Abstract
When naive CD4+ Th cells encounter cognate pathogen-derived Ags they expand and develop the
capacity to express the appropriate effector cytokines for neutralizing the pathogen. Central to this
differentiation process are epigenetic modifications within the effector cytokine genes that allow
accessibility to the transcriptional machinery. In contrast, when mature self-reactive CD4 cells
encounter their cognate epitopes in the periphery they generally undergo a process of tolerization in
which they become hyporesponsive/anergic to antigenic stimulation. In the current study, we used
a TCR transgenic adoptive transfer system to demonstrate that in a dose-dependent manner
parenchymal self-Ag programs cognate naive CD4 cells to acetylate histones bound to the promoter
region of the Ifng gene (which encodes the signature Th1 effector cytokine) during peripheral
tolerization. Although the Ifng gene gains transcriptional competence, these tolerized CD4 cells fail
to express substantial amounts of IFN-γ in response to antigenic stimulation apparently because a
blockage in TCR-mediated signaling also develops. Nevertheless, responsiveness to antigenic
stimulation is partially restored when self-Ag-tolerized CD4 cells are retransferred into mice infected
with a virus expressing the same Ag. Additionally, there is preferential boosting in the ability of these
CD4 cells to express IFN-γ relative to other cytokines with expression that also becomes impaired.
Taken together, these results suggest that epigenetic modification of the Ifng locus during peripheral
CD4 cell tolerization might allow for preferential expression of IFN-γ during recovery from
tolerance.

Inflammation induced by infection supports the activation of naive T cells specific for Ags
expressed by the infectious agents. These activated T cells then differentiate into effector T
cells that express the appropriate effector molecules for neutralizing the pathogen. During this
differentiation process, epigenetic modifications are induced in regions of the chromatin that
contain genes encoding certain effector molecules, such as IFN-γ in the case of Th1 effector
CD4+ T cells. This change in chromatin structure opens these regions so that RNA polymerase
and supporting transcription factors can bind to critical cis-acting DNA sequences and thereby
promote gene transcription (1–7). In contrast, when naive T cells encounter cognate self-Ags
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under steady-state conditions they undergo a distinct tolerogenic differentiation program that
results in non-responsiveness to antigenic stimulation and thus an inability to express effector
functions (8–11).

Although immunogenic and tolerogenic T cell differentiation programs result in diametrically
opposed outcomes, there are some common elements. Thus, when naive TCR transgenic
clonotypic CD4 cells are induced to undergo either Th1 differentiation or tolerization following
adoptive transfer into recipient mice that express cognate vaccinia viral Ag or parenchymal
self-Ag, respectively, they exhibit similar proliferative responses upon initially encountering
Ag (12,13). Naive CD4 cells undergoing tolerization also transiently gain the capacity to
provide help to CD8 cells (14,15). The ability of CD4 cells undergoing tolerization to express
the Th1 signature cytokine IFN-γ, however, remains substantially lower than the ability in
virally primed counterparts throughout their respective differentiation programs (13,15).

In the current study, we examined the response of naive CD4 cells undergoing self-Ag-induced
tolerization at the molecular level. Surprisingly, we found that tolerized CD4 cells exhibit
certain features that are normally associated with Th1 effectors. Thus, in direct relation to the
amount of self-Ag expression, tolerized CD4 cells contain acetylated histones bound to the
promoter region of the Ifng gene and are able to express moderate levels of IFN-γ when
stimulated with agents that bypass TCR-proximal signaling steps. Additionally, tolerized CD4
cells express moderate amounts of the Th1 master-regulatory factor T-bet (16) and IL-12Rβ2,
both of which are expressed in Th1 cells and contribute to Th1 differentiation and function
(7,17). Although the Ifng locus gains a degree of transcriptional competence during
tolerization, it appears that a blockage in TCR-induced signaling substantially dampens Ag-
induced IFN-γ expression.

The ability of CD4 cells to open their Ifng locus during peripheral tolerization raised the
possibility that they might be able to readily express IFN-γ if they could recover from tolerance,
as can occur following removal of the initial source of tolerizing Ag (18,19). This might be
important during certain tumor immunotherapy scenarios such as when tumor vaccines are
administered following standard therapies that achieve states of minimal residual disease in
which expression of the targeted tumor Ags is diminished to levels insufficient to maintain
cognate T cells in a tolerant state (20,21). Thus, the ability of the Ifng locus to open during
peripheral tolerization might subsequently allow such tumor-specific CD4 cells that have
undergone tolerance reversal to express IFN-γ more rapidly in response to vaccination.

To directly assess the potential of peripherally tolerized CD4 cells to express IFN-γ in response
to immunization after the tolerizing Ag has been removed, naive CD4 cells were first adoptively
transferred into recipient mice expressing cognate self-Ag to induce tolerance. Cells were
subsequently retransferred into secondary recipients that had been infected with a vaccinia
virus that expresses the same Ag. Notably, these virally recovered CD4 cells exhibited an
improved ability to express several cytokines including IL-2 and TNF-α, but IFN-γ expression
was boosted to the greatest extent.

Materials and Methods
Mice and adoptive transfer

Naive clonotypic CD4 cells that are specific for an I-Ed-restricted epitope deriving from
influenza (PR8 strain) hemagglutinin (HA)3 (110SFERFEIFPKE120) were prepared from the
CD8-depleted lymph nodes (LN) of 6.5 TCR transgenic mice (22) on the B10.D2 (H-2d)

3Abbreviations used in this paper: HA, hemagglutinin; ChIP, chromatin immunoprecipitation; LN, lymph node; viral-HA, recombinant
vaccinia virus expressing HA.
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background that express the Thy1.1+ congenic marker. These clonotypic CD4 cells were
labeled with the fluorescent tracking dye CFSE immediately before adoptive transfer into the
indicated recipient mice as previously described (13). A total of 2 × 106 clonotypic CD4 cells
were transferred unless otherwise indicated. The 6.5 clonotypic adoptive transfer recipients on
the B10.D2 Thy1.2+ congenic background included C3-HA transgenic mice that express HA
under the control of the rat C3(1) promoter, which directs HA expression in a variety of
parenchymal tissues at either a low amount of HA (self-HAlow) (23) or a high amount (self-
HAhigh) (12). Recipients also included nontransgenic mice infected with a recombinant
vaccinia virus that expresses HA (viral-HA) as previously described (13). TEa TCR transgenic
mice on the B6 (H-2b) Thy1.1+ background, provided by Dr. A. Rudensky (University of
Washington School of Medicine, St. Louis, MO) express a clonotypic TCR that is specific for
an I-Ed-derived (Eα) peptide (52AS-FEAQGALANIAVDKA68) presented by I-Ab (24). Naive
TEa clonotypic CD4 cells were prepared from CD8-depleted LN of TEa TCR transgenic mice.
Cells were labeled with CFSE before adoptive transfer into the indicated B6 Thy1.2+ recipients
and challenged with an i.p. bolus of 250 µg of soluble Eα peptide. Adoptive retransfer
experiments were performed by pooling spleen samples from the indicated primary adoptive
transfer recipients, relabeling them with CFSE, and retransferring aliquots containing 1 ×
106 clonotypic CD4 cells into the indicated secondary recipients as previously described (25,
26). The Animal Care and Use Committee of the University of Connecticut Health Center
approved all mouse protocols used in this study.

Flow cytometry
The functional response of 6.5 and TEa clonotypic CD4 cells were analyzed by FACS
following recovery from spleens of the indicated adoptive transfer recipients as previously
described (13,26,27). In short, clonotypic CD4 cells (identified as CD4+Thy1.1+) were
analyzed for frequency and dilution of CFSE directly ex vivo. Intracellular cytokine staining
was performed by stimulating the indicated spleen samples with either the appropriate peptide
(100 µg/ml) or PMA plus ionomycin in the presence of brefeldin A for 5 h, and subsequently
staining with anti-Thy1.1, anti-CD4, and the appropriate anti-cytokine mAbs following
fixation and permeabilization. Cytokine expression profiles were generated by gating on
CD4+Thy1.1+ cells that exhibited diluted CFSE fluorescence (refer to Fig. 1A). Total cytokine
expression is expressed in arbitrary units, calculated by multiplying the percentage of cytokine-
expressing clonotypic CD4 cells (determined using isotype staining controls) by the
corresponding mean fluorescence intensity value as previously described (13). The same FACS
analysis criteria were used in both single and double (i.e., retransfer) adoptive transfer
experiments.

Isolation of clonotypic CD4 cells, RT-PCR, and chromatin immunoprecipitation (ChIP)
Clonotypic CD4 cells were isolated from recipient spleens either by positively selecting
Thy1.1+ cells using MACS columns as previously described (27) (for a portion of the self-
HAhigh and viral-HA samples) or by FACS sorting CD4+Thy1.1+ CFSE-diluted cells using a
FACSVantage SE cell sorter (BD Biosciences) (for all of the self-HAlow samples and the
remaining self-HAhigh and viral-HA samples). Each self-HAlow sample contained spleens
pooled from three separate mice, whereas self-HAhigh and viral-HA samples each contained a
spleen from a single animal. RT-PCR and ChIP data obtained from self-HAhigh and viral-HA
counterparts isolated by the different methods were comparable (data not shown). Clonotypic
CD4 cell samples were analyzed directly ex vivo (i.e., without in vitro restimulation), and each
sample was divided and analyzed by real-time PCR-based RT-PCR and ChIP assays to measure
T-bet and IL-12Rβ2 mRNA and histone H3 acetylation at the Ifng and Tnfa promoters,
respectively, using our previously established protocols and PCR primers (27). In short, after
isolating RNA and reverse transcribing cDNA, T-bet and IL-12Rβ2 mRNAs were quantified
by first normalizing for input sample amounts by calculating the difference in threshold cycle,
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CT, values relative to HPRT message, and then using the ΔΔ threshold cycle method to calculate
the ratio between experimental samples and a representative naive CD4 cell sample. Similarly,
after precipitating sheared genomic DNA-chromatin complexes with anti-acetylated histone
H3, the extent of histone H3 acetylation at the Ifng and Tnfa promoters was determined by first
normalizing to the CD3ε enhancer (Δ threshold cycle), and then calculating the ratio between
individual experimental samples and a representative naive CD4 cell sample (ΔΔCT).

Results
Parenchymal self-Ag can induce histone acetylation within the Ifng promoter region in naive
CD4 cells undergoing peripheral tolerization

We have previously developed a TCR transgenic adoptive transfer system to study CD4 cell
peripheral tolerization to parenchymal self-Ag vs Th1 differentiation to viral Ag (12,13). Thus,
naive clonotypic CD4 cells specific for an I-Ed-restricted epitope of influenza HA obtained
from 6.5 TCR transgenic donor mice (22) on the B10.D2 (H-2d) Thy1.1+ background are
labeled with the fluorescent tracking dye CFSE and adoptively transferred into B10.D2
Thy1.2+ recipient mice, and the functional response of these clonotypic CD4 cells is
subsequently monitored via FACS using the congenic Thy1.1 marker. We previously found
that when naive clonotypic CD4 cells are transferred into C3-HA transgenic recipients that
express HA as a generic parenchymal self-Ag at either low (self-HAlow, 142 founder line) or
high (self-HAhigh, 137 founder line) amounts they initially undergo a vigorous proliferative
response in secondary lymphoid organs as indicated by the dilution of CFSE fluorescence
(albeit proliferation is more robust in self-HAhigh recipients). Despite this initial proliferative
phase, clonotypic CD4 cells recovered from both self-HAlow and self-HAhigh recipients are
impaired in their ability to undergo further proliferation and to express a variety of cytokines
in response to antigenic restimulation, and are therefore referred to as tolerized or functionally
impaired. In contrast, when naive clonotypic CD4 cells are adoptively transferred into
nontransgenic viral-HA recipients, they proliferate vigorously and differentiate into Th1
effectors that are capable of expressing IFN-γ, TNF-α, and IL-2 (12,13,26). Consistent with
these previous findings, in the current study, when clonotypic CD4 cells were recovered from
spleens 6 days following adoptive transfer into either viral-HA or self-HAhigh recipients,
proliferation (i.e., CFSE dilution) (Fig. 1A) and accumulation (Fig. 1B) were similarly robust.
Proliferation and accumulation was less pronounced in self-HAlow recipients. Also consistent
with our previous studies (12,13,26), the virally primed clonotypic CD4 cells displayed a
classic Th1 effector phenotype marked by the ability to express intracellular IFN-γ, TNF-α,
and IL-2 following in vitro restimulation with HA peptide, whereas the self-HAhigh tolerized
clonotypic CD4 cells expressed severely reduced levels of all three cytokines (Fig. 1, C and
D). Interestingly, although clonotypic CD4 cells recovered from self-HAlow recipients also
displayed a tolerized phenotype marked by low cytokine expression potentials, the pattern was
distinct from self-HAhigh recipients. Thus, although IFN-γ expression potential was
substantially lower in both self-HAlow (p = 0.02 by unpaired two-tailed t test) and self-
HAhigh (p = 0.003) recipient groups compared with viral-HA recipients, it was 2-fold greater
in self-HAhigh than in self-HAlow recipients (p = 0.02). Conversely, TNF-α (p = 0.0001) and
IL-2 (p = 0.0006) expression potentials were at least 2-fold higher in self-HAlow recipients
compared with self-HAhigh recipients. Ruling out the possibility that these different patterns
of peptide-induced intracellular cytokine expression in the clonotypic CD4 cells recovered
from the three recipient groups were due to differences in APC activities, splenic APCs isolated
from each recipient group exhibited comparable abilities to stimulate cytokine expression in
clonotypic CD4 cells isolated from all three sample groups (Fig. 2). Taken together, these data
indicate that greater levels of self-Ag induce a more profound inability to express TNF-α and
IL-2, whereas IFN-γ expressing potential is most profoundly impaired following exposure to
lower levels of self-Ag.
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To begin analyzing the intrinsic defects responsible for impaired cytokine expression potential
in self-Ag-tolerized clonotypic CD4 cells, we asked whether cytokine expression could be
rescued through bypassing TCR-proximal signaling steps using PMA plus ionomycin, which
directly activate protein kinase C and releases intracellular Ca2+, respectively. PMA plus
ionomycin rescued IL-2 expression in tolerized CD4 cells recovered from both self-HAlow and
self-HAhigh recipients almost to the level observed in virally primed counterparts, indicating
that impaired IL-2 expression potential is mostly conferred via a blockage in signaling steps
that are proximal to the TCR. PMA plus ionomycin also rescued TNF-α expression in both
tolerized clonotypic CD4 cell populations, albeit only to about one-fourth the level of virally
primed effectors, indicating that both TCR-proximal and –distal signaling defects operate to
diminish TNF-α expression potential in tolerized CD4 cells (Fig. 1, C and D). Notably, PMA
plus ionomycin elicited increased IFN-γ expression in self-HAhigh-tolerized CD4 cells relative
to expression observed in peptide restimulated counterparts (p = 0.0005) that reached about
one-third the level observed in viral-HA counterparts. Because naive clonotypic CD4 cells are
unable to express appreciable levels of IFN-γ in response to PMA plus ionomycin stimulation
(27), and because the chromatin structure of the Ifng gene locus exists in a condensed
configuration that is inaccessible to the transcriptional machinery (7, 17, 28), this result
suggested that self-Ag causes the Ifng gene locus in cognate naive CD4 cells to undergo some
degree of chromatin/epigenetic modification, but that these tolerized cells are nevertheless
unable to express substantial levels of IFN-γ in response to antigenic stimulation due to a
blockage in signaling steps that are proximal to the TCR.

PMA plus ionomycin also stimulated greater IFN-γ expression in self-HAlow-tolerized
clonotypic CD4 cells compared with stimulation with peptide-pulsed APCs (p = 0.0001),
although the level remained ~2.5-fold lower compared with self-HAhigh counterparts (p =
0.002). Because the self-HAlow and self-HAhigh transgenic mice contain the same transgene
expression cassette and display a similar tissue distribution of HA expression, but differ in the
amounts of HA protein that they express by ~1000-fold (12), we suspected that the enhanced
IFN-γ expression potential in clonotypic CD4 cells recovered from self-HAhigh relative to self-
HAlow recipients resulted from greater in vivo stimulation of the clonotypic HA-specific TCR.
We could not rule out the possibility, however, that the clonotypic CD4 cell responses in these
two mice were also influenced by some other immunological parameter, perhaps resulting from
the different genomic sites of transgene integration. To assess this possibility, the response of
a naive clonotypic CD4 cell population responding to a tolerogenic form of Ag that is unrelated
to HA was compared in these two transgenic founder lines. More specifically, self-HAlow and
self-HAhigh transgenic mice backcrossed from the original B10.D2 (H-2d, HA-restricting)
genetic background to the B6 (H-2b, HA-nonrestricting) background (which is similar to
B10.D2 excepting the MHC locus) received adoptive transfers of naive CFSE-labeled TEa
TCR transgenic clonotypic CD4 cells that recognize an I-Ed-derived peptide presented by I-
Ab (24), and were subsequently challenged with a bolus of cognate soluble Eα peptide. Viral-
HA-infected nontransgenic B6 recipients were also included as a control. In all three recipient
groups, the TEa CD4 cells underwent comparable proliferative responses (Fig. 3A) and
developed similar capacities to express IFN-γ, TNF-α (Fig. 3, B and C), and IL-2 (Fig. 3C).
The observation that these HA-unrelated TEa responses did not differ between self-HAlow and
self-HAhigh transgenic recipients suggests that these two transgenic founder lines do not differ
in their intrinsic CD4 cell priming/tolerization machinery, further suggesting that the difference
in HA-specific clonotypic CD4 cell cytokine expression potential that develops in self-
HAlow vs self-HAhigh recipients (Fig. 1) is the consequence of differences in the amounts of
HA Ag expression.

It has recently been shown in various TCR transgenic adoptive transfer systems that the
functional outcome of antigenic priming can be influenced by the number of transferred
clonotypic T cells (29–31). Given our unexpected finding that when over a million naive
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clonotypic CD4 cells are induced to undergo peripheral tolerization following adoptive transfer
into self-HAhigh recipients, they develop some potential to express IFN-γ, we wished to
determine whether the same outcome would occur when the number of clonotypic CD4 cells
more closely resembles physiological conditions. Thus, a titrated number of naive clonotypic
CD4 cells were transferred into self-HAhigh or viral-HA controls, and subsequently recovered
from spleens 6 days later to assess their potential to express IFN-γ following in vitro
restimulation with HA peptide vs PMA plus ionomycin (Fig. 4). The number of transferred
clonotypic CD4 cells included: 2 × 106 (the number used in the previous experiments), 1 ×
105, 1 × 104, and 1 × 103 (a number previously shown (31) to approximate a physiological
precursor frequency). In viral-HA recipients, the frequency of expanded clonotypic CD4 cells
remained stable when the number of transferred naive cells was reduced from 2 × 106 to 1 ×
105 (~2% of the total spleen), but progressively decreased thereafter, reaching a frequency of
~0.2% when 1 × 103 naive clonotypic CD4 cells were transferred. The frequency of expanded
clonotypic CD4 cells in self-HAhigh recipients was more severely affected by reducing the
input number of naive cells, although expanded cells were still detectable (~0.03%) when 1 ×
103 naive clonotypic CD4 cells were transferred (Fig. 4A). The ability of these expanded
clonotypic CD4 cells to express IFN-γ, however, was not appreciably affected by the input
number of naive cells (Fig. 4, B and C). Most notably, clonotypic CD4 cells recovered from
self-HAhigh recipients that had received 1 × 103 naive input cells were able to express the same
level of IFN-γ following restimulation with PMA plus ionomycin compared with self-
HAhigh recipients that had received 2 × 106 naive input cells (p = 0.8). This result suggests that
the development of IFN-γ expression potential in tolerized clonotypic CD4 cells under our
standard experimental conditions does recapitulate physiological conditions.

The development of competence to express IFN-γ in CD4 cells involves epigenetic
modification of the Ifng gene locus that allows accessibility to the transcriptional machinery,
an early and well-correlated modification being acetylation of histone H3 in the proximal
promoter region (7,28). Thus, to directly confirm that the ability of self-Ag-tolerized clonotypic
CD4 cells to express IFN-γ in response to PMA plus ionomycin stimulation does in fact indicate
that the chromatin structure of the Ifng locus can open during tolerization, the extent of histone
H3 acetylation at the proximal promoter was measured using a real-time PCR-based ChIP assay
(27) (Fig. 5A). As shown in our previous work (27), Th1 effector clonotypic CD4 cells
recovered from viral-HA recipients exhibited a 6.5-fold increase in the extent of histone H3
acetylation at the Ifng proximal promoter relative to naive controls (where the Ifng promoter
is bound to nonacetylated histones (7,28)). Substantial histone H3 acetylation was also
observed in clonotypic CD4 cells recovered from self-HAhigh recipients, and although the
magnitude was only 3.5-fold greater than naive cells, the relative differences in histone
acetylation at the Ifng promoter and the ability to express IFN-γ in response to PMA plus
ionomycin stimulation were roughly similar when comparing viral-HA vs self-HAhigh

recipients (compare Fig. 5A to Fig. 1D). Histone acetylation at the Ifng promoter was also
evident in clonotypic CD4 cells recovered from self-HAlow recipients, although it was only 2-
fold greater than naive cells (Fig. 5A), once again correlating with the weaker ability of these
CD4 cells to express IFN-γ in response to PMA plus ionomycin stimulation (refer to Fig.
1D).

We have previously shown that histone H3 acetylation at the Tnfa promoter is comparable in
naive, Th1 effector and tolerized Th1 effector clonotypic CD4 cells (27). In the current study,
we found that H3 acetylation at the Tnfa promoter also did not differ between clonotypic CD4
cells recovered from virally primed Th1 effector and self-HAlow or self-HAhigh-tolerized
clonotypic CD4 cells (Fig. 5B). Taken together, these results suggest that while in tolerized
CD4 cells the extent of opening in the Ifng locus influences their ability to express IFN-γ,
epigenetic modification of the Tnfa locus might not play a role in regulating TNF-α expression
during tolerization.
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Because opening of the Ifng locus is normally associated with Th1 differentiation, we wished
to assess whether tolerized CD4 cells exhibit other similarities to Th1 effectors. Both self-
HAlow and self-HAhigh-tolerized clonotypic CD4 cells expressed increased amounts (relative
to naive CD4 cells) of mRNA encoding for the Th1 master regulatory factor T-bet (16), albeit
T-bet mRNA in tolerized CD4 cells did not reach the level observed in virally primed Th1
effectors (Fig. 5C). Tolerized CD4 cells also expressed appreciable mRNA levels
corresponding to another Th1 differentiation factor, IL-12Rβ2 (17,32), although once again
IL-12Rβ2 mRNA levels in tolerized CD4 cells were intermediate to those observed in naive
and virally primed Th1 effector counterparts (Fig. 5D). Taken together, these data indicate that
tolerized CD4 cells can exhibit multiple similarities to bona fide Th1 effectors.

Opening of the Ifng locus during tolerization is associated with preferential boosting of IFN-
γ expression in response to subsequent immunization

Our observation that tolerized CD4 cells contain acetylated histones bound to the Ifng promoter
region was rather interesting, particularly because these cells remain substantially impaired in
their ability to express this cytokine in response to antigenic stimulation apparently because a
blockage in TCR-mediated signaling also develops. Because it has been reported that tolerized
CD4 cells can regain responsiveness to TCR stimulation following removal of the initial source
of tolerizing Ag (18,19), we reasoned that opening of the Ifng locus during peripheral
tolerization might subsequently allow such functionally recovered tolerized CD4 cells to
express IFN-γ more rapidly if they are challenged with an immunogenic form of the same Ag.
To test this possibility, naive clonotypic CD4 cells were first transferred into C3-HAhigh and
viral-HA recipients to induced tolerance and Th1 differentiation, respectively, and then
recovered from spleens and relabeled with CFSE before retransfer into secondary recipients
that had been infected with viral-HA (Fig. 6).

Consistent with our previous findings (27), when clonotypic CD4 cells initially primed with
viral-HA were retransferred into a second set viral-HA-infected recipients, they underwent a
second round of vigorous CFSE-dilution and further improved their ability to express IFN-γ
in response to both HA peptide (p = 0.02) and PMA plus ionomycin (p = 0.0001) restimulation,
suggesting the possibility that their Ifng locus underwent further epigenetic modification.
Notably, although the clonotypic CD4 cells that were initially transferred into C3-HAhigh

recipients were no longer undergoing cell cycle progression (only 7.6% ± 1.3 (mean ± SEM)
were undergoing blastogenesis) despite the continual expression of the transgenic Ag that
initiated the transient proliferative response, following retransfer into viral-HA secondary
recipients these tolerized CD4 cells did in fact undergo comparable CFSE dilution (Fig. 6B)
and accumulation (p = 1.0) as the control secondary effectors that had encountered viral-HA
for the second time, indicating that at least some degree of functional recovery had taken place.
Viral priming also improved the ability of the tolerized CD4 cells to express IL-2 (p = 0.04)
and TNF-α (p = 0.15) in response to peptide stimulation, although these levels remained ~2–
3-fold lower compared with control primary and secondary effectors (in all cases p > 0.05)
(Fig. 6, A and B). Given that impaired IL-2 expression in tolerized CD4 cells is mediated mostly
via a blockage in TCR-proximal signaling (Fig. 1), and that IL-2 expression elicited by peptide
stimulation in these virally recovered tolerized CD4 cells only reached 50% the levels observed
in controls that had not been exposed to self-Ag (Fig. 6C), these data suggested that that the
TCR-proximal signaling blockage had only been partially repaired. Nevertheless, HA peptide-
stimulated IFN-γ expression in the virally recovered tolerized CD4 cells was comparable to
control primary effectors (p = 0.5). Additionally, PMA plus ionomycin stimulation elicited
much greater IFN-γ expression in the recovered tolerized CD4 cells than in primary effectors
(p = 0.0008), suggesting the possibility that viral priming further augmented epigenetic
modifications within the Ifng locus that were initiated during tolerization. That the recovered
tolerized CD4 cells were able to express greater levels of IFN-γ than the primary effectors in
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response to PMA plus ionomycin, but not peptide, stimulation confirmed that the TCR-
proximal signaling blockage had not been fully repaired.

Taken together, the finding that Ag-induced IFN-γ, but not IL-2 and TNF-α, expression
potential was boosted by viral priming to the level of control primary effectors despite the
lingering partial blockage in TCR-proximal signaling is consistent with the notion that
epigenetic modification of the Ifng locus during peripheral tolerization allows for preferential
expression of IFN-γ during viral-mediated functional recovery.

Discussion
Naive CD4+ Th cells that are primed by pathogen-derived Ags are programmed to differentiate
into effectors that are capable of producing the appropriate effector cytokines for neutralizing
the pathogen. This capability in turn is regulated through epigenetic modification of the effector
cytokine gene loci from a condensed to an open configuration that is competent for transcription
(1,7,28). In contrast, mature self-reactive T cells generally undergo a process of peripheral
tolerization in which they become unable to express effector cytokines (33,34). Our current
result that the Ifng gene locus opens in CD4 cells that are undergoing tolerization in response
to cognate self-Ag was therefore somewhat unexpected.

The extent to which the Ifng gene opens in tolerized CD4 cells increases in relation to the
amount of cognate self-Ag. This may relate in part to the fact that greater levels of self-Ag
induce more robust proliferation, and that epigenetic modification within the Ifng locus is
linked to cell cycle progression (6). Even though tolerized CD4 cells contain acetylated histones
bound to the Ifng promoter region, they remain unable to express substantial amounts of IFN-
γ in response to antigenic stimulation apparently because a blockage in TCR-mediated
signaling also develops. We have also previously shown that in response to immunization with
cognate peptide complexed to the heat shock protein gp96 naive CD4 cells neither become
tolerant nor develop the capacity to express either IFN-γ or the Th2 signature effector cytokine
IL-4 (35). It therefore appears that there is a degree of independence in the pathways that
regulate epigenetic modification of the Ifng locus and the decision to become tolerant (as
defined by a blockage in TCR-mediated signaling (36,37)). The reason for this flexibility may
in part relate to the ability of tolerized CD4 cells to regain antigenic responsiveness following
the removal of the initial source of tolerizing Ag (18,19). Thus, the ability of the Ifng locus to
undergo epigenetic modification during peripheral tolerization might allow such functionally
recovered CD4 cells to express IFN-γ more rapidly once they have been primed in response
to an immunogenic form of the same Ag. Consistent with this possibility, in the current study
we found that CD4 cells that initially underwent peripheral tolerization in response to cognate
self-Ag preferentially gained the ability to express IFN-γ (in comparison to TNF-α and IL-2)
when the tolerizing self-Ag was immediately replaced with the same Ag expressed in the
context of a virus. TNF-α and IL-2 expression were only partially rescued by this protocol,
apparently because the blockage in TCR-proximal signaling had not been fully repaired. It
might have been possible that TCR-proximal signaling would have been more fully restored
by providing a longer recovery interval between removal of the tolerizing self-Ag and challenge
with viral-Ag. Nevertheless, the finding that even without a recovery period IFN-γ expression
was boosted to a level observed in virally primed controls despite the lingering impairment in
TCR-proximal signaling efficiency strongly suggests that opening of the Ifng locus initiated
during tolerization contributes to this effect.

Opening of the Ifng locus during peripheral CD4 cell tolerization might be important during
certain tumor immunotherapy scenarios. Thus, CD4 cells specific for tumor-associated Ags
can be susceptible to peripheral tolerization (20,38), but could potentially recover function
following standard treatments that induce states of minimal residual disease that would be
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associated with reduced loads of tolerogenic tumor Ag. If the Ifng locus opened in tumor-
reactive CD4 cells undergoing tolerization, vaccines administered following such standard
treatments could potentially enable these cells to more rapidly develop the capacity to express
IFN-γ (which has potent antitumor activity in numerous systems (39–42)). Consistent with this
possibility, we have recently shown in a transgenic prostate cancer model that tumor-specific
CD4 cells exposed to tolerogenic prostate-tumor Ag exhibit an enhanced ability to differentiate
into IFN-γ-expressing effectors in response to vaccination when androgen ablation therapy
(which reduces the tolerogenic Ag load) is administered first (20).
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FIGURE 1.
Functional response and properties of naive clonotypic CD4 cells exposed to cognate viral or
self-Ag. CFSE-labeled naive Thy1.1 + HA-specific clonotypic CD4 cells were adoptive
transferred into Thy1.2+ viral-HA (V), self-HAlow (SL), or self-HAhigh (SH) recipients and
recovered from spleens 6 days later for analysis. A, In vivo proliferation of clonotypic CD4
cells. Representative CFSE dilution histograms with the percentage of clonotypic CD4 cells
displaying diluted CFSE fluorescence indicated. B, The frequency of clonotypic CD4 cells is
expressed as a percentage within the total splenocyte population. C, The ability of clonotypic
CD4 cells exposed to cognate viral and self-Ag to express cytokines in response to in vitro
restimulation. Plots representative of intracellular IFN-γ vs TNF-α expression following in
vitro restimulation with HA peptide or PMA plus ionomycin (PMA + I), with the percentage
of clonotypic CD4 cells expressing each cytokine and the corresponding mean fluorescence
intensity (MFI) value indicated. D, Quantitation of cytokine expression shown in C. Total
intracellular IFN-γ, TNF-α, and IL-2 is expressed in arbitrary units, and was calculated by
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multiplying the percentage of cytokine-expressing clonotypic CD4 cells by the corresponding
mean fluorescence intensity. Data are expressed as the mean ± SEM for n= 4 recipients per
group.
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FIGURE 2.
Splenic APCs recovered from both viral-HA and self-HA adoptive transfer recipients are
equivalent in their abilities to stimulate clonotypic CD4 cells to express intracellular cytokines
in vitro. Spleens recovered from viral-HA, self-HAlow, and self-HAhigh recipients 6 days after
receiving adoptive transfers of naive clonotypic CD4 cells were fractionated into T cell
(depleted of APCs using magnetic beads) and APC (depleted of T cells using magnetic beads)
fractions, remixed in the nine possible APC to T cell combinations at a 1:1 ratio, and incubated
with HA peptide followed by intracellular cytokine staining. Data shown are representative of
two independent experiments.
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FIGURE 3.
Self-HAlow and self-HAhigh transgenic mice do not differ in their intrinsic CD4 cell priming/
tolerization capacity. Naive CFSE-labeled TEa clonotypic CD4 cells on the B6 (H-2b)
Thy1.1+ background that are specific for an I-Ed-derived peptide (Eα) presented by I-Ab were
adoptively transferred into self-HAlow, self-HAhigh, or viral-HA recipients that had been
backcrossed to the B6 Thy1.2+ background. These adoptive transfer recipients were then
challenged with a bolus of soluble Eα peptide, and recovered from spleens 6 days later for
analysis. FACS plots from n= 3 recipients per group represent CFSE dilution (A) and
intracellular IFN-γ vs TNF-α expression following in vitro restimulation with Eα peptide or
PMA plus ionomycin (PMA + I) (B). C, Quantification of cytokine expression in B is total
intracellular cytokines expressed in arbitrary units and calculated as described in Fig. 1.
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FIGURE 4.
The ability of clonotypic CD4 cells exposed to cognate self-Ag to express IFN-γ is not
influenced by the number of adoptively transferred naive clonotypic CD4 cells. The indicated
number of naive clonotypic CD4 cells were adoptively transferred into viral-HA or self-
HAhigh recipients, and recovered from spleens 6 days later for analysis. A, Frequency of
clonotypic CD4 cells is expressed as the percentage of total splenocytes. FACS plots (B) and
quantification (C) representative of intracellular IFN-γ expression following in vitro
restimulation with HA peptide or PMA plus ionomycin from n= 3 recipients per group.
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FIGURE 5.
CD4 cells that have undergone peripheral tolerization in response to cognate self-Ag display
acetylated histone H3 bound to the Ifng promoter region and also exhibit other characteristics
normally associated with Th1 effectors. Clonotypic CD4 cell samples isolated from viral-HA
(n = 9 recipients), self-HAlow (self-HAL, n = 3), each determination deriving from three pooled
recipient samples), and self-HAhigh (self-HAH, n = 11 recipients) were divided and analyzed
by quantitative real-time PCR-based ChIP to measure histone H3 acetylation at the Ifng (A)
and Tnfa (B) proximal promoters. Quantitative real-time RT-PCR to measure T-bet (C) and
IL-12Rβ2 (D) mRNAs. Data are expressed as a ratio relative to naive clonotypic CD4 cells.
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FIGURE 6.
Viral priming preferentially boosts the ability of tolerized CD4 cells to express IFN-γ. Viral-
HA-primed clonotypic CD4 cells (primary effectors or 1°E) and self-HAhigh-tolerized (T)
clonotypic CD4 cells (both pooled from the samples shown in Fig. 1) were relabeled with CFSE
and retransferred into viral-HA-infected secondary recipients (1 × 106 clonotypic CD4 cells
per secondary recipient) to generate secondary effector (2°E) and recovered tolerized (RT)
clonotypic CD4 cells, respectively. A, Diagram of the retransfer experimental schema. B, Plots
of representative CFSE dilution and intracellular IFN-γ vs TNF-α expression. C, Total
intracellular IFN-γ, TNF-α, and IL-2 expression is expressed in arbitrary units and was
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calculated as described in Fig. 1. Note that data corresponding to 1°E and tolerized clonotypic
CD4 cells are the same as in Fig. 1 for n= 4 recipients per group.
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