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Abstract
T cell responses are determined by the environment in which antigen is encountered. In the absence
of proper costimulation, anergizing stimuli induce the activation of a specific program of gene
expression. Proteins encoded by these genes impose a state of functional unresponsiveness in anergic
T cells through the activation of different mechanisms that include dampening of the T cell receptor
signaling and direct inhibition of cytokine expression. Anergy can be reversed by stimulating T cells
in the presence of interleukin (IL-) 2. Signaling through the IL-2 receptor has been shown to activate
mTOR, which plays an important role in the integration of signals that determine the fate of T cells.
The mechanisms underlying the IL-2-dependent regulation of T cell tolerance are still not fully
elucidated. In this study we show that IL-2 receptor signaling mediated through JAK3 and mTOR
inhibits the expression of anergy-inducing genes independently of any effect on cell cycle
progression. Interestingly, we also show that this effect is likely due to changes on the levels of AP-1
activation induced by IL-2 receptor signaling in T cells. Our data identifies a mechanism that can
explain how IL-2 may prevent or reverse the establishment of anergy in T cells and, therefore, help
understand how the cytokine environment can be determinant to shape the outcome of T cell
responses -tolerance or activation- when antigen is encountered.
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1. Introduction
T cell responses are determined by the environment in which antigen is encountered. Cells that
see antigen presented on MHC molecules (signal 1) and, at the same time, receive costimulatory
signals (signal 2), such as those resulting from CD28 or cytokine receptor engagement, will
fully activate. In the absence of a positive costimulatory environment, T cells will become
unresponsive or anergic (Jenkins et al, 1990; Quill and Schwartz, 1987). Anergy is a mechanism
of peripheral tolerance induced in T cells by partial or suboptimal stimulation, which results
in their functional inactivation. Anergic T cells show profound defects in their response to
antigen, and become unable to secrete IL-2 and proliferate upon recognition of their cognate
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antigen presented on professional antigen presenting cells (Fathman and Lineberry, 2007;
Macian et al., 2004; Powell, 2006; Schwartz, 2003).

In T helper cells, anergizing stimuli induce the activation of a specific program of gene
expression. The expression of these anergy-associated genes is required to impose a state of
functional unresponsiveness (Macian et al., 2002). This is accomplished through the activation
of different mechanisms that include, among others, downregulation of the T cell receptor
(TCR) signaling by inactivation or degradation of signaling molecules, and direct inhibition
of cytokine expression (Bandyopadhyay et al., 2007b; Choi and Schwartz, 2007; Heissmeyer
et al, 2005). Proteins encoded by anergy-inducing genes include several ubiquitin ligases, such
as Itch (Heissmeyer et al., 2004), the gene related to anergy in lymphocytes (GRAIL)
(Anandasabapathy et al., 2003; Seroogy et al, 2004; Soares et al, 2004) and the Casitas B-
lineage Lymphoma (Cbl)-b (Jeon et al., 2004). These proteins have been shown to direct the
ubiquitination and alter the stability of specific proteins such as the phospholipase C (PLC)-
γ1, the protein kinase C (PKC)-θ and the Ras GTPase activating protein RasGAP, leading to
defective TCR signaling and alterations in the stability of the immunological synapse
(Heissmeyer et al, 2004; Su et al, 2006). The expression of the diacylglycerol kinase alpha
(DGKα) has also been reported in anergic T cells. Phosphorylation of diacylglycerol by
DGKα prevents the recruitment of the guanine nucleotide exchange factor RasGRP1 to the
TCR signalosome, uncoupling of Ras activation from TCR engagement and, thus, preventing
proper activation of mitogen activated protein kinases (MAPK) (Olenchock et al, 2006; Zha
et al, 2006). Transcriptional factors such as Egr2 and 3, Ikaros or GRG-4 are also expressed
in anergic T cells. Egr2 and 3 proteins have been shown to induce the transcription of some
anergy-associated genes and negatively regulate T cell activation (Collins et al, 2008; Safford
et al., 2005), whereas Ikaros has been reported to directly bind to the IL-2 promoter and recruit
histone deacetylases (HDAC), inducing epigenetic changes on the IL-2 locus that cause a stable
inhibition of the IL-2 gene transcription (Bandyopadhyay et al., 2007a; Thomas et al., 2007).

The expression of all these genes, which is required to impose a state of functional
unresponsiveness, is induced through the activation of the calcium/calcineurin/ nuclear factor
of activated T cells (NFAT) signaling pathway. Unbalanced increases of intracellular calcium
concentration activate the calmodulin phosphatase calcineurin, which mediates the
dephosphorylation and nuclear translocation of members of the NFAT family of transcription
factors (Macian, 2005). In the absence of full activation of other transcriptional copartners,
such as the activator protein 1 (AP-1), NFAT proteins drive the expression of anergy-inducing
genes (Bandyopadhyay et al., 2007b; Heissmeyer et al., 2005; Macian et al., 2002).

The anergic phenotype can be reversed by stimulating T cells in the presence of IL-2. Signaling
through the IL-2 receptor has been shown to prevent and reverse clonal anergy in T cells
(Boussiotis et al., 1994; Schwartz, 2003). Although it has been proposed that IL-2 may restore
antigen-responsiveness by allowing T cells to progress from G1 into the S phase of the cell
cycle (Powell et al., 2001; Powell et al., 1999), events other than cell cycle progression may
underlie the ability of IL-2 to reverse clonal anergy (Allen et al., 2004; Colombetti et al.,
2002). The mammalian target of rapamycin (mTOR) is an evolutionary conserved serine/
threonine kinase which can regulate many cellular functions, including cell division, and whose
activity is regulated by the availability of nutrients or in response to growth factors. mTOR is
also a target of the IL-2 receptor signaling, and its activation has been shown to play a key role
in the integration of signals that determine the decision of a T cell to become anergic or to be
activated (Mondino and Mueller, 2007; Zheng et al., 2007). Although several targets of mTOR
activity have been identified in other systems, the mechanisms that regulate the mTOR-
dependent signaling that controls the establishment of T cell tolerance are still not fully
elucidated.
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In order to better characterize the mechanisms that underlie the IL-2-mediated prevention of
anergy induction in T cells, we have determined the effect of IL-2 receptor signaling on the
expression of anergy-inducing genes in response to tolerizing stimuli. In this study we show
that IL-2 receptor signals mediated through Janus kinase 3 (JAK3) and mTOR prevent the
calcium-induced upregulation of anergy-inducing genes, in a manner independent on any effect
of IL-2 on cell cycle progression. Interestingly, we also show that this effect is due to changes
on the levels of NFAT and AP-1 activation induced by IL-2 receptor signaling in anergic T
cells. These observations identify a novel mechanism that explains how IL-2 prevents or
reverses the establishment of an unresponsive state in T cells. These results may, therefore,
have important implications for our understanding on how the cytokine environment can be
determinant to shape the outcome of T cell responses when antigen is encountered.

2. Material and Methods
2.1. Mice

Eight to twelve-week-old BALB/cJ mice were purchased from Jackson Laboratories and were
maintained in pathogen free conditions. All animal work was performed according to the
guidelines set by the Albert Einstein College of Medicine Institutional Animal Care and Use
Committee.

2.2. Cell Culture
Primary CD4+ T cells were isolated from lymph nodes and spleen of mice using anti-CD4-
coupled magnetic beads (Invitrogen). Isolated T cells were stimulated with 0.5μg/ml plate
bound anti-CD3ε and 0.5μg/ml anti-CD28 (BD) and differentiated for 7 days with IL-12 (10ng/
ml) (Cell Sciences), anti-IL-4 (10μg/ml) and 10U/ml of recombinant human IL-2. Cells were
cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum,
2mM L-glutamine, nonessential amino acids, essential vitamins (Cambrex), and 50 μM 2-
mercaptoethanol

2.3. Induction of anergy
Two different systems were used to induce anergy in Th1 cells. Fully differentiated Th1 cells
were treated with 1μM ionomycin (EMD) for 16 hours. Cells were then washed and rested for
4-6 hours before being re-stimulated. Alternatively, Th1 cells were also anergized by
stimulation with 1-2μg/ml of plate bound anti-CD3 for 16 hours. Cells were then washed and
rested for 3 days before being re-stimulated. In some experiments, recombinant human IL-2
(20U/ml) was added during the anergization treatment in the presence or absence of the
following inhibitors: rapamycin (1uM), WHI-P131 (100μM), wortmannin (100nM) or
SB203580 (20μM) (EMD).

2.4. ELISA
Th1 cells (25-5×103) were stimulated with 0.5 μg/ml plate-bound anti-CD3ε and anti-CD28
in 96 well plates for 16 hours. Supernatants were collected and IL-2 levels were measured in
a sandwich ELISA following the manufacture's recommendations (BD).

2.5. Quantitative RT-PCR
Total RNA was prepared from T cells using Trizol Reagent and used to synthesized cDNA
with oligo-dT primers and the Superscript polymerase (Invitrogen). Quantitative real-time PCR
was performed using a SYBR Green qPCR Master (Abgene) and specific primers to amplify
a fragment from the following genes: GBP3 (5′-AGGAAACCCTCACTGTTTGG, 5′-AGTGAGCCGAGGAATTTCAG), Ikaros
(5′-CGGGATCCCTTTGAGTGTAA 5′-AGCTCAGGTGGTAACGATGC), Caspase 3 (5′-ACGCGCACAAGCTAGAATTT, 5′-
CTTTGCGTGGAAAGTGGAGT), DAGKα (5′-ctgccaatctcaattgcac, 5′-agtgcggccaaaataatcac), SOCS2 (5′-
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GTGCAAGGATAAACGGACAG, 5′-TCGACAGAAATGCTGCAGAG), FasL (5′-GCAAATAGCCAACCCCAGTA, 5′-ATTCCAGAGGGATGGACCTT),
GRG4 (5′-TCACTCAAGTTTGCCCACTG, 5′-CACAGCTAAGCACCGATGAG), Grail (5′-ATGCAAGAGCTCAAAGCAGGAAGC, 5′-
GTGCGCAGCTGAAGCTTTCCAATA) and Cbl-b (5′-GCAGCATCATTGACCCTTTCAGCA, 5′-ATGTGACTGGTGAGTTCTGCCTGT). A threshold
was set in the linear part of the amplification curve and the number of cycles needed to reach
it determined (Ct). Fold induction was calculated as 2-ΔΔCt, using primers for actin as internal
controls for normalization. Melting curves were determined from every sample to establish the
specificity of the amplified band.

2.6. Electrophoretic Mobility Shift Assays (EMSAs)
Nuclear extracts were prepared from Th1 cells, unstimulated or stimulated for 4 hr with 1μM
ionomycin with or without 20nM PMA or 20U/ml IL-2, using the NE-PER kit (Pierce)
following the manufacturer's recommendations. Binding reactions were performed by
incubating radiolabeled probes (20,000 cpm) specific for NFAT (5′-
CCCAAAGAGGAAAATTTGTTTCATACAGGAT), AP-1 (5′-CGCTTGATGACTCAGCCGGAA), or NF-κB (5′-AGTTGAGGGGACTTTCCCAGGC)
with 2 μg of nuclear extract in binding buffer (125nM NaCl, 10 M Hepes pH 7.0, 10% Glycerol,
0.25mM DTT, 100ng/μl poly dI-dC and 0.8mg/ml BSA), and resolved in a 4% polyacrylamide
gel.

2.7. Cell cycle analysis
Resting or ionomycin-treated (+/- 20U/ml IL-2) Th1 cells were fixed in cold 70% ethanol at
4°C, washed and treated with ribonuclease A (100μg/ml) before being stained with propidium
iodide (50 μg/ml). Cells where then analyzed on a FACSCAN analyzer (BD), to determine,
after excluding cell doublets, the DNA content per cell. Analysis of the data was performed
using FlowJo Software (Tree Star).

2.8. Statistic analysis
Differences in expression of anergy-associated genes and IL-2 were analyzed using a Student's
t-test.

3. Results
3.1. Interleukin 2 prevents the induction of anergy in suboptimally stimulated T cells

In order to determine if signals transduced through the IL-2 receptor could prevent the induction
of a hyporesponsive state in primary Th1 cells, we compared the ability of two different
treatments to induce anergy in the presence or the absence of IL-2. In both cases addition of
20U/ml of IL-2 blocked the induction of anergy. In the first set of experiments, T cells were
anergized by stimulation with anti-CD3 (signal 1) in the absence of anti-CD28 (signal 2). As
previously described, upon re-stimulation the ability of those T cells to produce IL-2 was
profoundly reduced. When recombinant IL-2 was added during the anergizing stimulation, this
cytokine prevented the induction of anergy caused by the engagement of signal 1 with anti-
CD3 antibodies (Fig 1A). In order to dissociate the possible effects of IL-2 on cell cycle
progression and cell proliferation, we chose to perform our experiments using the ionomycin
model of anergy induction (Macian et al., 2002). As we had observed when anergy was induced
with plate-bound anti-CD3, IL-2 prevented the induction of T cell hyporesponsiveness by
ionomycin (Fig 1B). In the Th1 differentiation system we used, naive T cells that have been
stimulated with anti-CD3, anti-CD28 in the presence of IL-12 and anti-IL-4, are left resting
for 6 days before being analyzed. These cells still express the IL-2 receptor (data not shown),
and therefore can receive input from IL-2. The addition of IL-2 to cells in which calcium
signaling was activated with ionomycin did not induce progression into the cell cycle (Fig 1C).
Altogether, these data indicated that IL-2 receptor signaling could prevent the induction of
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anergy in T cells and that this effect was independent of the ability of IL-2 to induce cell cycle
progression in T cells.

3.2. Inhibition of mTOR signaling blocks the effect of IL-2 on the induction of T cell anergy
Recent reports have shown that the mTOR kinase, which becomes activated in response to
IL-2 receptor engagement, may play a crucial role in the regulation of antigen responsiveness
in T cells through a mechanism independent of cell cycle progression (Zheng et al., 2007). To
determine if IL-2 receptor-activated signaling pathways could be responsible for this effect,
we performed a series of experiments where we analyzed the effects of different inhibitors that
blocked IL-2 receptor signaling at different levels. T cells received an anergizing stimulus in
the presence of IL-2 and one of those inhibitors, and the consequences for the establishment
of anergy determined. Blocking JAK kinase activation with an inhibitor of JAK3, completely
prevented the effect of IL-2 on the induction of anergy in T cells, and allowed them to become
unresponsive following ionomycin treatment even in the presence of this cytokine (Fig. 2A).
Two other inhibitors had similar effects: the PI3K inhibitor wortmannin and the mTOR
inhibitor rapamycin. In both cases blocking the activity of these kinases prevented the
inhibitory effect of IL-2 on calcium-induced anergy (Fig. 2A). Activation of several MAPKs
in response to the engagement of the IL-2 receptor has also been reported (Ellery and Nicholls,
2002; Gaffen, 2001). We used SB203580 to inhibit p38, which may be involved in transducing
signals to STAT proteins and other transcription factors when the IL-2 receptor is engaged
(Ellery and Nicholls, 2002; Gollob et al., 1999). Contrary to what we had seen with the other
inhibitors, blocking p38 activation had no effect on the IL-2-mediated prevention of T cell
anergy (Fig. 2A). To confirm that the way in which the inhibitors were used did not interfere
with T cell activation during the re-stimulation, T cells were treated with those inhibitors
following the same protocol but omitting the anergizing treatment. Cells were thus incubated
with the inhibitor for 16 hours, thoroughly washed and left resting for 6 hours before re-
stimulation with anti-CD3 and antiCD28. Supernatants were collected 24 hours post
stimulation and IL-2 measured by ELISA. Although cells treated with wortmannin and
rapamycin induced a small inhibition of IL-2 production (<25%), no significant effect was
detected with any of the inhibitors (Fig. 2B). Altogether, these results suggested that inhibition
of JAK and mTOR could prevent the IL-2-mediated inhibition of anergy induction.

3.3. IL-2 inhibits the calcium-mediated activation of anergy-inducing genes
We and others have shown that anergy is established in T cells through the calcium/NFAT-
dependent activation of the expression of a specific set of genes (Heissmeyer et al., 2004;
Macian et al., 2002). Proteins encoded by those genes are ultimately responsible for the
inhibition of signals transduced by the TCR and for the decreased cytokine expression in
anergic T cells. As in our experimental conditions we could not attribute the effect of IL-2 to
increased cell cycle entry, one possibility could be that IL-2 receptor signaling might interfere
with the expression of those anergy-associated genes. To test this hypothesis, we determined
the profiles of gene expression in Th1 cells in which unresponsiveness was induced with
ionomycin in the presence IL-2. Cells were treated for 6 hours with this calcium ionophore in
the presence or absence of IL-2, and the expression of several anergy associated genes
determined by quantitative real time PCR. In all but one of the genes tested, the presence of
IL-2 significantly reduced the calcium-induced upregulation of all anergy-associated genes to
levels similar to those found in control resting T cells (Fig. 3). To test that the ability of IL-2
to inhibit the expression of anergy-inducing genes was mediated through mTOR, we
determined whether this effect was reversed when rapamycin was used to inhibit IL-2-induced
mTOR activation. For most analyzed genes, including Cbl-b and Ikaros, two of the genes whose
functional involvement in T cell anergy has been supported by experimental evidence
(Anandasabapathy et al., 2003; Bandyopadhyay et al., 2007a; Jeon et al., 2004), IL-2-mediated
blockade of the ionomycin-induced upregulation of these genes was significantly reversed by

Dure and Macian Page 5

Mol Immunol. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rapamycin (Fig. 4). Our results indicated, thus, that prevention of anergy induction by IL-2
receptor signaling was a result of the inhibition of the expression of anergy-inducing genes.

3.4. IL-2 signaling alters the balance of transcription factors activated in response to calcium
signaling

Expression of anergy-inducing genes is activated by an unbalanced calcium-induced activation
of NFAT proteins in the absence of full activation of other transcriptional partners required for
T cell activation: e.g. the members of the AP-1 family of transcription factors (Bandyopadhyay
et al, 2007b). Electrophoretic mobility shift assays were performed using specific probes for
NFAT, AP-1 or NF-κB and nuclear extracts form Th1 cells treated with ionomycin in the
presence or absence of IL-2 to determine if IL-2 receptor signals could induce an alteration in
the activation of members of these families of transcription factors that could account for the
differences in the profiles of gene expression we had detected. As previously shown, increased
intracellular calcium caused by a low dose of ionomycin that is able to induce unresponsiveness
in Th1 cells (Fig 1A) resulted in the presence of NFAT binding complexes but little or no active
NF-κB or AP-1 complexes (Fig. 5) (Macian et al., 2002). In contrast, when IL-2 was present,
we could detect a slight decrease in the levels of nuclear NFAT complexes, and a minor increase
in the amount of active NF-κB dimers. A dramatic change was observed when AP-1 binding
was measured. A marked increase in the amount of nuclear AP-1 binding activity induced by
IL-2 in the presence of ionomycin was evident, with levels similar to those detected in fully
stimulated T cells (Fig. 5).

4. Discussion
Clonal anergy can be induced in T cells by suboptimal stimulation, such as the one resulting
from activation of the TCR in the absence of costimulation. In vitro, the induction of anergy
is prevented by engagement of costimulatory receptors (e.g. CD28). Addition of exogenous
IL-2 to anergic T cells is also able to reverse anergy, restoring the ability of T cells to produce
IL-2 and proliferate following a new antigen encounter (Schwartz, 2003).

It has been reported that anergy can be induced when T cells are fully stimulated in the presence
of inhibitors of cell cycle progression (Powell et al., 2001). The progression through G1 seemed
to be essential as anergy was induced when rapamycin was added to cultures of T cells receiving
costimulation, but not when an inhibitor of the G2 to M transition was used to block cell division
(Powell et al., 1999). Prevention or reversal of the anergic state of unresponsiveness to antigen
would be achieved, thus, through the induction of cell proliferation caused by the engagement
of CD28 or by the mitogenic effect of IL-2. The mechanisms underlying the pro-proliferative
effects of IL-2 and CD28 may be independent and not just a result of CD28-induced IL-2
production, as upon prolonged stimulation, T cells have been shown to undergo CD28-
dependent IL-2-independent cell division (Appleman et al., 2000; Colombetti et al., 2006).
Recent reports have indicated, though, that progression through the cell cycle is not sufficient
to prevent anergy and that it is likely that the activation of the kinase mTOR is required to
inhibit the induction of T cell anergy (Allen et al., 2004; Colombetti et al., 2006). These results
are supported by the fact that the use of inhibitors that block the G1 to S progression other that
rapamycin is not able to induce anergy in fully activated T cells (Allen et al., 2004). The
mechanisms that underlie this effect remain, however, not yet fully characterized.

Tolerizing stimuli induce unresponsiveness to antigen in anergic T cells through the expression
of a specific set of genes. The proteins encoded by these genes exert a negative effect on the
regulation of T cell activation, dampening signaling activated by TCR engagement and
inhibiting cell proliferation and cytokine production (Bandyopadhyay et al., 2007b;
Heissmeyer et al., 2005). The expression of many of these proteins, such as Grail, Cbl-b,
DGKα and Ikaros, has been shown to be necessary to block TCR signaling and silence cytokine
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transcription in anergic T cells (Anandasabapathy et al., 2003; Bandyopadhyay et al., 2007a;
Jeon et al., 2004; Olenchock et al., 2006; Zha et al, 2006). In this report, we show that
concomitant engagement of the IL-2 receptor prevents the induction of anergy in T cells that
activate their TCR in the absence of costimulatory receptor engagement; and that this effect is
caused by the inhibition of the expression of anergy-inducing genes. As previously described
for CD28, engagement of the IL-2 receptor prevents, thus, the expression of anergy-inducing
genes. Signaling pathways activated by both receptors are able to activate mTOR As discussed
above, recent reports support a key role of this kinase in determining the fate of T cells following
stimulation. Activation of mTOR during an encounter with antigen would lead to T cell
stimulation, whereas failure to properly activate mTOR would result in anergy (Colombetti et
al., 2006; Mondino and Mueller, 2007; Zheng et al., 2007). Our data supports these results, as
blockade of mTOR activity with rapamycin prevents the inhibitory effect of IL-2 on the
upregulation of anergy-inducing genes, and results in the establishment on anergy in T cells
stimulated with anti-CD3 even in the presence of IL-2. Activation of mTOR following
engagement of the IL-2 receptor is likely a consequence of the PI3K-dependent activation of
AKT. Activated AKT has been shown to phosphorylate and inactivate TSC2, a GTPase
activating protein (GAP) for Rheb, which regulates mTOR activity. Inactivation of the GAP
activity of TSC2 would result in the loss of the regulatory effect of Rheb and the activation of
mTOR (Inoki et al., 2003; Inoki et al., 2002; Tee et al., 2002). Accordingly, we obtained similar
results as those seen with rapamycin when wortmannin was used to block the IL-2-dependent
activation of PI3K.

Although the engagement of CD28 also prevents anergy induction, signaling through this
receptor is not sufficient to reverse anergy once established. Differences in the amplitude of
mTOR activation by CD28 and the IL-2 receptor could explain this fact. Stronger or more
prolonged mTOR activation would be required to reverse anergy than to prevent its induction
and those levels would only be achieved by engagement of the IL-2 receptor. Alternatively
signals other that those that lead to mTOR activation might also participate in this process and
cooperate with mTOR to reverse anergy. Our results seem to indicate that alternative signaling
may also be involved in the effect of IL-2 on T cell anergy. Inhibition of mTOR with rapamycin
cannot completely reverse the anergy-preventing effect of IL-2, which can be achieved, though,
by an inhibitor of a JAK3, which blocks proximally all IL-2 receptor signaling.

The expression of anergy inducing genes is activated in T cells that receive tolerizing stimuli
by signaling mediated through the calcium/calcineurin/NFAT axis. NFAT proteins in the
absence of AP-1, and likely other transcriptional co-partners that would normally be activated
in response to TCR and costimulation engagement, form different transcriptional complexes
and direct the transcription of these genes (Macian, 2005; Macian et al., 2002). NFAT1 is the
most abundant NFAT family member expressed in resting differentiated Th1 cells (Macian et
al., 2002). We have previously shown that NFAT1 plays a key role in the control of the
expression of anergy-inducing genes. Upregulation of those genes is suppressed in Th1 cells
lacking NFAT1, but can be restored by the expression of a constitutively active form of NFAT1
unable to form transcriptional complexes with Fos and Jun (Macian et al., 2002). Recently,
two different cytokines that signal through the common gamma chain, IL-2 and IL-15, have
been shown to exert a differential effect on the regulation of NFAT1 activation. Whereas IL-15
can induce increased levels of NFAT1 activation, IL-2 has no effect or even an inhibitory effect
on the basal activation of this transcription factor (Barlic et al., 2004; Eicher, 2003). These
effects are likely mediated through the cytokine-specific alpha chain of these receptors.
Interestingly, it has been reported that whereas IL-2 treatment is able to restore responsiveness
to antigen in anergic T cells, IL-15 or IL-7 treatment fail to achieve that effect (Bendiksen and
Rekvig, 2004; Zheng et al., 2007). In our experimental setting, we also detected a small
inhibitory effect of IL-2 on NFAT activation in response to an increase in intracellular calcium.
However, the main difference between cells that received IL-2 and control cells was the
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hyperactivation of AP-1 proteins. Under these conditions, NFAT is likely to form
transcriptional complexes with Fos and Jun, which would shift the pattern of transcription, as
it happens in the presence of costimulation, to a non-anergic program of gene expression
(Macian, 2005; Macian et al., 2000). However, we cannot rule out that IL-2 signaling, through
the activation of mTOR or other signaling molecules, may also affect the expression or
activation of other transcription factors such as Egr or Smad proteins, that have also been shown
to regulate gene expression in anergic T cells (Collins et al., 2008; Harris et al., 2004; Li et al.,
2006; Safford et al., 2005).

Current models support an important role for mTOR activation in determining T cell fate
following TCR activation. Engagement of CD28 or the IL-2 receptor induces mTOR activation
and is able to prevent or reverse anergy. Our results show that IL-2 receptor engagement can
prevent the induction of anergy in T cells activated in the absence of co-stimulation by blocking
the expression of anergy-inducing genes. This effect, mediated through mTOR activation and
likely other signaling pathways, responds to the activation of a pattern of transcription factors
that prevents the NFAT-dependent AP-1-independent expression of genes responsible for
dampening TCR signaling and inhibiting cytokine expression in anergic T cells.
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Fig. 1.
IL-2 prevents the induction of anergy in T cells. Primary Th1 cells were anergized by
stimulating them for 16 hours with immobilized anti-CD3 (A) or ionomycin (B) in the presence
or absence of 20U/ml IL-2. Cells were then profusely washed and left resting in media without
IL-2 for a period of 3 days (A) or 6 hours (B), after which they were re-stimulated with plate
bound anti-CD3 and anti-CD28 for 24 hours. Supernatants were collected and IL-2 production
measured by ELISA. Graphs show results from three experiments and are mean+SEM.
*p<0.05. C. Control Th1 cells, cells treated with ionomycin for 16 hours in the presence or
absence of 20U/ml IL-2 or cells activated with antiCD3 and antiCD28 were fixed and their
DNA content determined by PI staining and FACS analysis to measure the effect of IL-2 on
the progression of those Th1 cell populations through the cell cycle. Graph shows mean+SEM
of three different experiments.
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Fig. 2.
Inhibition of JAK3 and mTOR signaling blocks the effect of IL-2 on ionomycin-induced
hyporesponsiveness in T cells. A. Th1 cells were treated with 1μM ionomycin for 16 hours in
the presence of the 100μM of the JAK3 inhibitor WHI-P131 (JKI), 100nM of the PI3K inhibitor
wortmannin (Wort), 1μM of the mTOR inhibitor rapamycin (Rap) or 20 μM of the p38 inhibitor
SB203580 (p38I). Cells were then washed, rested for 6 hours and re-stimulated with
immobilized anti-CD3 and anti-CD28 for 24 hours. Supernatants were collected and IL-2
expression determined by ELISA. B. Th1 cells were cultured with the same inhibitors in the
absence of ionomycin and processed as described in A. Values are mean+SEM of 5 independent
experiments. *p<0.05
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Fig. 3.
IL-2 inhibits the ionomycin induced expression of anergy-associated genes. Th1 cells were
treated with 1μM ionomycin in the presence or the absence of 20U/ml of IL-2 and the
expression of several anergy-associated genes measured by real time PCR and compared to
control resting cells. Bars show mean+SEM of 4 to 8 different experiments. * p<0.05.
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Fig. 4.
Rapamycin blocks the IL-2-mediated inhibition of the ionomycin-induced expression of
anergy associated genes. Th1 cells treated with 1 μM ionomycin in the presence or the absence
of 20U/ml of IL-2 or with 20U/ml IL-2 and 1μM rapamycin, and the expression of several
anergy-associated genes measured by real time PCR and compared to control resting cells.
Bars show mean+SEM of 3 to 4 different experiments. *p<0.05
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Fig. 5.
IL-2 changes the balance of transcription factors activated in response to calcium signaling.
Nuclear extracts obtained from Th1 cells stimulated with 1μM ionomycin (iono), ionomycin
and 20 U/ml IL-2 or ionomycin and 20nM PMA for 4 hours were analyzed in EMSAs using
probes containing specific binding sites for NFAT, NFκB or AP-1. Arrows indicate the position
of the different binding complexes.
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