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Abstract
CD8+ T cell synthesis of IFN-γ is an important component of the CD8+ T cell immune response.
In short-term cultures of murine pan-T cells, we found that IL-4 was the principal cytokine
responsible for driving IFN-γ synthesis by CD3/CD28-activated CD8+ T cells. IL-4 was able to
induce low levels of IFN-γ mRNA in CD8+ T cells even in the absence of CD3/CD28
engagement, although concomitant CD3/CD28 stimulation was necessary for IFN-γ secretion.
IL-4 induction of IFN-γ was explained by its ability to induce Eomesodermin and T-bet
transcription factors whose expression was further increased by CD3/CD28. Expression of
Eomesodermin, T-bet and IFN-γ induced by IL-4 was partially dependent upon activation of
MAPK and PI3K but independent of the canonical IL-4-activated transcription factor, STAT6. In
contrast, expression of IFN-γ induced by IL-4/CD3/CD28 stimulation showed additional
dependency upon STAT6 which functions to increase expression of Eomesodermin specifically.
These novel findings point to a function for IL-4 as a direct regulator of IFN-γ expression in CD8+
T cells and reveal the molecular mechanisms involved.
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1. Introduction
CD8+ T cells are the principal effector cells of the adaptive immune response directed
toward intracellular pathogens. Initial activation of CD8+ T cells results from TCR and
costimulatory receptor recognition of MHC class I-antigenic peptide complexes and
costimulatory ligands respectively that are both displayed upon the surface of professional
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APC. Once activated, effector CD8+ T cells then target infected cells through TCR
recognition of the same MHC class I-peptide complexes displayed on the target cell surface.
Another important mechanism by which CD8+ T cells control intracellular infections is
through synthesis of IFN-γ that has antiviral and macrophage-activating properties.

In many, although not all types of infection, activation of CD8+ T cells and development of
memory CD8+ T cells is additionally dependent upon signals provided by CD4+ T cells or
other immune cell types [1–5]. One important CD4+ T cell-derived factor that promotes
CD8+ T cell activation is the IL-2 cytokine [6]. In addition, IL-4, classically studied as a
regulator of CD4+ Th2 cell differentiation and B cell Ig class switching and differentiation
[7, 8], has also been implicated as a helper factor for CD8+ T cell responses. In
lymphochoriomeningitis virus and vaccinia virus infection models, mice that are double-
deficient for IL-2 and IL-4 show a more severe impairment in an ability to generate specific
CTL upon restimulation ex vivo compared to mice singly-deficient for IL-2 [9]. In addition,
in an influenza virus infection model, mice deficient in the IL-4R alpha receptor showed
reduced CTL responses ex vivo [10]. IL-4 has also been shown to regulate CD8+ T cell
responses in parasitic infection models. In Plasmodium yoelii mouse malaria, Leishmania
Donovani and Schistosoma mansoni infection models, generation of IFN-γ expressing CD8+
T cells following ex vivo restimulation was profoundly reduced in IL-4-deficient animals
[11–13]. However, in each of these studies, it is unclear if IL-4 acts directly upon CD8+ T
cells to regulate IFN-γ synthesis or cytotoxic activity or indirectly through action upon
another cell type. Moreover, IL-4 has been shown to be required for the generation of
memory CD8+ T cells which compared to naïve T cells synthesize much greater quantities
of IFN-γ and cytotoxic effector molecules [14]. Therefore, an apparent role for IL-4 in the
induction of IFN-γ and cytoxicity as revealed upon ex vivo stimulation could reflect a role
for this cytokine in induction of memory cell formation in vivo rather than its ability to
directly regulate these responses per se.

In the current studies we show that IL-4 acts as a direct regulator of CD8+ T cell function
independent of its role as an inducer of CD8+ T cell memory. The mechanism by which
IL-4 induces expression of IFN-γ in CD8+ T cells was investigated in detail. IL-4 induces
expression of Eomesodermin (Eomes) and T-bet transcription factors that activate
transcription of the ifng gene. Coupling of the IL-4R to both transcription factors in part
depends upon IL-4-mediated activation of the intracellular signaling enzymes, MAPK and
PI3K. In addition, in the presence of concomitant TCR and costimulatory receptor
stimulation, an important role for IL-4-mediated STAT6 transcription factor activation in
IFN-γ induction, specifically through induction of Eomes, was demonstrated.

2. Materials and methods
2.1. Mice

C57BL/6 × 129 Sv mice were bred in the animal facility at the University of Michigan
Medical School. C57BL/6, IL-4-deficient and STAT6-deficient (both on a C57BL/6
background) and BALB/c mice were purchased from the Jackson Laboratory. All mice were
2–3 mo old at the time of experiments. All experiments were performed in compliance with
University of Michigan guidelines and were approved by the University Committee on the
Use and Care of Animals.

2.2. Isolation and stimulation of peripheral T cells
Pan-T cells or CD8+ T cell populations were prepared from pooled spleen and lymph node
cell suspensions using MACS pan-T cell or CD8+ T cell negative selection kits (Miltenyi)
respectively according to manufacturer’s instructions. For isolation of NKT cell-depleted

Oliver et al. Page 2

Cytokine. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pan-T cells and CD44lo CD8+ T cell populations, NK1.1 and CD44 mAb (eBioScience)
were used in conjunction with pan-T cell and CD8+ T cell isolation kits respectively. Purity
of negatively selected T cell populations was routinely determined by flow cytometric
analysis.

T cells were stimulated in wells of 96 well U-bottomed plates in RPMI 1640 containing 10%
FBS and antibiotics (2 × 105 cells/200 ml/well). For CD3/CD28 mAb stimulation, wells
were pre-coated with CD3 mAb (1 μg/ml; eBioScience) and soluble CD28 mAb was
included in the culture medium (1 μg/ml; eBioScience). Neutralizing anti-IL-2 and anti-IL-4
mAb (BD Pharmingen) were added to wells at 1 μg/ml. Recombinant murine IL-2 and IL-4
(R&D Systems) were added to wells at 100 and 10 ng/ml respectively. PD98059 and
wortmannin inhibitors (Calbiochem) were added to wells at 50 and 1 nM respectively.

2.3. Flow cytometry
Cells were harvested from wells and analyzed for cell surface expression of CD4, CD8,
CD44, CD49b (DX5) and intracellular expression of IFN-γ, Eomes and T-bet by flow
cytometry using respective fluorochrome-labeled mAb (BD Pharmingen except CD49b,
Eomes and T-bet mAb which were purchased from eBioScience). CD1d-α-GalCer tetramer
used for detection of NKT cells was purchased from the NIH Tetramer Core Facility. For
intracellular staining, harvested cells were treated with PMA and ionomycin (50 ng/ml and
1.5 μM respectively; Sigma Aldrich) for 5 h with addition of brefeldin A (1:1000 dilution of
stock; BD Biosciences) for the last 4 h of culture. Cells were then surface stained prior to
fixation and permeabilization and intracellular staining. Cellular data was collected on a
FACSCanto flow cytometer equipped with FACSDiva software (BD Biosciences).

2.4. ELISA
Concentrations of IFN-γ in well supernatants were determined with the use of a Duo-set
ELISA kit (R&D Systems). To assay Granzyme B secretion, stimulated T cells were
harvested and restimulated in CD3 mAb coated wells as above. Granzyme B concentrations
in well supernatants were then determined with the use of a Granzyme B Duo-set ELISA kit
(R&D Systems).

2.5. Real time RT-PCR
RNA was isolated from stimulated CD8+ T cells using Trizol (Invitrogen) and reverse
transcribed using SuperScript reverse transcriptase (Invitrogen). Real time PCR was
performed using established IFN-γ and β-actin Taqman primer/probe sets in a 7500 Fast
Lightcycler (Applied Biosystems). Fold change in IFN-γ mRNA expression relative to
unstimulated CD8+ T cells was determined as described [15].

2.6. Statistical analysis
Statistical significance was determined using two-tailed Student’s two sample or paired
sample t-tests as indicated. *P<0.05; **P<0.01; ***P<0.001.

3. Results
3.1. A major role for IL-4 in induction of IFN-γ expression in CD8+ T cells

As shown by intracellular staining, stimulation of pan-T cells with CD3 mAb (directed to
the TCR complex) and mAb against the CD28 costimulatory receptor for 48 h in vitro
results in CD8+ T cell expression of IFN-γ (Fig. 1A). Substantial induction of IFN-γ is
observed in both CD44lo naïve and CD44hi memory phenotype CD8+ T cells in these
cultures. In contrast, purified CD8+ T cells synthesize little IFN-γ in response to the same

Oliver et al. Page 3

Cytokine. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimulus, at least as detected by intracellular staining (Fig. 1A). Thus, other T cells provide
help to CD8+ T cells in order for them to synthesize IFN-γ.

IL-2 is considered an important helper factor for CD8+ T cell responses [6]. To address this,
we included a neutralizing anti-IL-2 antibody in pan-T cell cultures. However, blockade of
IL-2 only partially inhibited the ability of CD8+ T cells to synthesize IFN-γ in pan-T cell
cultures (Fig. 1B). Therefore, we examined the effect of blocking antibodies against other
cytokines whose receptors share the same common gamma chain subunit with the IL-2R
[16, 17]. Of these, antibodies against IL-7, IL-9, IL-15 and IL-21 had no effect upon CD8+
T cell IFN-γ synthesis (data not shown). In contrast, a neutralizing antibody against IL-4
profoundly blocked CD8+ T cell IFN-γ expression, particularly in CD44lo CD8+ T cells
(Fig. 1B). Furthermore, combined blockade of IL-2 and IL-4 essentially abrogated the
ability of both CD44lo and CD44hi CD8+ T cells to synthesize IFN-γ (Fig. 1B).

Based on these findings, we next examined if addition of IL-4 to cultures of purified CD8+
T cells could restore IFN-γ expression in response to CD3/CD28 mAb stimulation. In
comparison with IL-2, IL-4 was found to be a potent inducer of IFN-γ expression in CD3/
CD28 mAb-stimulated CD8+ T cells, particularly in the CD44lo subset (Fig. 1C).

To confirm a predominant role for IL-4 in induction of CD8+ T cell synthesis of IFN-γ, we
examined IFN-γ expression in CD8+ T cells from IL-4-deficient mice. Consistent with
results of antibody blocking studies, CD8+ T cells in CD3/CD28-stimulated pan-T cell
cultures from IL-4-deficient mice synthesized reduced levels of IFN-γ in comparison to
CD8+ T cells from C57BL/6 control mice (Fig. 1D). Again, the dependency upon IL-4 was
most apparent in CD44lo CD8+ T cells. A major role for IL-4 in the induction of IFN-γ
synthesis in CD44lo CD8+ T cells was also demonstrated in mouse strains other than
C57BL/6 or 129 Sv, e.g. BALB/c (Supporting Fig. 1).

NKT cells are known to rapidly synthesize IL-4 in response to TCR engagement [18].
Therefore, since NKT cells would be present in pan-T cell cultures, we asked if they were
required for CD8+ T cell synthesis of IFN-γ through provision of IL-4. For this purpose, we
performed additional negative selection for the NK1.1 marker that is expressed upon the
majority of mature NKT cells in the peripheral immune system of mice (Supporting Fig. 2)
[19]. As shown by staining with CD1d-α-GalCer tetramers and antibodies against the DX5
marker that is also expressed by NKT cells [19], NK1.1 negative selection was only partially
effective at depleting NKT cells in C57BL/6 × 129 Sv mice. Furthermore, NK1.1 depletion
did not affect CD8+ T cell synthesis of IFN-γ in response to CD3/CD28 mAb stimulation in
this strain. By contrast, the same NK1.1 negative selection procedure resulted in depletion of
the vast majority of NKT cells in C57BL/6 mice, which could potentially be explained by
differences in the level of expression of NK1.1 between the two strains. More importantly,
in C57BL/6 mice, NKT cell depletion resulted in much reduced IFN-γ synthesis by CD44lo

CD8+ T cells following stimulation with CD3/CD28 mAb. In addition, the residual IFN-γ
response of these cells was not inhibited with an anti-IL-4 mAb. These results, therefore,
indicate that NKT cells are the principal source of IL-4 that drives CD8+ T cell synthesis of
IFN-γ at least in the CD44lo subset.

3.2. IL-4 induces the expression of intracellular IFN-γ in CD8+ T cells in the absence of
TCR and costimulatory receptor engagement

As a negative control in experiments, we examined the influence of IL-4 alone upon CD8+
T cell expression of IFN-γ. Surprisingly, as detected by intracellular staining, IL-4 alone
induced similar levels of IFN-γ expression in CD44lo and CD44hi CD8+ T cells to that
observed when T cells were stimulated with IL-4 plus CD3 and CD28 mAb (Fig. 2A).
However, as determined by ELISA of well supernatants, none of the IFN-γ induced by IL-4
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in the absence of CD3/CD28 engagement was secreted from cells but instead remained
intracellular (Fig. 2B). Thus, CD3/CD28 engagement is necessary for the secretion of IL-4-
induced IFN-γ in CD8+ T cells. With this knowledge, we considered that IL-4 plus CD3/
CD28 engagement might in fact induce much higher levels of IFN-γ expression in CD8+ T
cells compared to IL-4 stimulation alone. However, the difference would not be detected by
intracellular staining since concurrent CD3/CD28 stimulation would result in continual
release of de novo synthesized IFN-γ whereas in IL-4 alone stimulated CD8+ T cells the de
novo synthesized IFN-γ would accumulate. To confirm this possibility, we examined IFN-γ
mRNA levels in CD8+ T cells by real time RT-PCR. As predicted, stimulation of CD44lo

CD8+ T cells with the combination of IL-4 plus CD3/CD28 mAb resulted in much higher
levels of IFN-γ mRNA expression than stimulation with IL-4 alone (Fig. 2C). Thus,
although IL-4 alone is able to induce IFN-γ expression in CD8+ T cells, IL-4 is in fact a
relatively weak inducer of IFN-γ in the absence of concurrent CD3/CD28 stimulation. In
addition, stimulation of CD8+ T cells with IL-4 alone does not result in IFN-γ secretion.

3.3. IL-4 promotes the cytotoxic function of CD8+ T cells but is not required for CD8+ T cell
proliferation

We further asked if IL-4 was necessary for the acquisition of CD8+ T cell cytotoxic function
in vitro. Efficiency of CTL priming was measured by expression of the lysosomal marker
CD107a that is induced in CD8+ T cells during the acquisition of cytotoxic function [20]. In
wild type mice, CD3/CD28 mAb stimulation of pan-T cells resulted in expression of
CD107a in CD44hi CD8+ T cells that was blocked by approximately 50 percent by anti-IL-2
or anti-IL-4 mAb and completely by both types of mAb when included in priming cultures
(Supporting Fig. 3A). Consistent with these results, in IL-4-deficient mice, induction of
CD107a surface expression in CD8+ T cells was substantially reduced (Supporting Fig. 3A).
IL-4 also induced expression of CD107a in purified CD44lo and CD44hi CD8+ T cells,
albeit not to the levels observed with concurrent CD3 and CD28 stimulation (Supporting
Fig. 3B). We also examined secretion of the cytotoxic effector molecule, Granzyme B, by
ELISA. Blockade of either IL-2 or IL-4 during CD3/CD28 mAb-induced priming of wild
type CD8+ T cells, or intrinsic IL-4 deficiency, was sufficient to almost completely block
the synthesis and secretion of Granzyme B by CD8+ T cells (Supporting Fig. 3C).

We also asked if IL-4 played a role in the induction of CD8+ T cell proliferation in CD3/
CD28-stimulated pan-T cell cultures by monitoring CD8+ T cell dilution of CFSE label by
flow cytometry. In these experiments, blocking IL-2 and IL-4 mAb, when used either alone
or together, did not affect the CD8+ T cell proliferative response (Supporting Fig. 4).

3.4. IL-4 induces the expression of Eomes and T-bet transcription factors in CD8+ T cells
Expression of IFN-γ in CD8+ T cells is controlled by Eomes and T-bet transcription factors
[21, 22]. Therefore, we asked if IL-4 induced the expression of either transcription factor in
CD8+ T cells that would account for IFN-γ gene transcription. First, we examined if
expression of Eomes and T-bet in CD8+ T cells in CD3/CD28 mAb-stimulated pan-T cell
cultures was dependent upon IL-4. As shown, CD3/CD28 mAb stimulation of pan-T cells
resulted in an induction of Eomes and T-bet expression in CD8+ T cells (Fig. 3A and B). In
CD44lo T cells, stronger induction of Eomes compared to T-bet was noted, whereas in
CD44hi subpopulations these transcription factors were induced to a similar degree.
Significantly, expression of both of these transcription factors in both CD8+ T cell
subpopulations was inhibited by a blocking anti-IL-4 mAb (Fig. 3A and B).

We next examined if IL-4 could induce expression of either transcription factor in purified
CD8+ T cells. IL-4 alone induced expression of Eomes and T-bet in CD44lo and CD44hi

CD8+ T cell subpopulations, although in CD44lo cells, Eomes was more strongly induced,

Oliver et al. Page 5

Cytokine. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



consistent with findings with pan-T cells (Fig. 3A–C). Furthermore, the combination of IL-4
plus CD3/CD28 mAb resulted in increased expression of both transcription factors in CD8+
T cells (Eomes in CD44lo and CD44hi cells and T-bet in CD44hi cells only), consistent with
increased levels of IFN-γ mRNA (Fig. 2C; Fig. 3A and B). We conclude that IL-4 drives
IFN-γ expression in CD8+ T cells through induction of the expression of Eomes and T-bet.

3.5. STAT6 promotes IFN-γ expression in CD8+ T cells induced by the combination of IL-4
and CD3 plus CD28 mAb stimulation

IL-4 signal transduction proceeds through the JAK-STAT pathway [23, 24]. Binding of IL-4
to the IL-4R results in activation of receptor-associated JAK protein tyrosine kinases, which
phosphorylate the IL-4R leading to recruitment of the STAT6 transcription factor. JAK-
mediated phosphorylation of STAT6 then promotes STAT6 dimerization and nuclear
translocation and activation of gene transcription programs. Given the established role of
STAT6 in the IL-4 signal transduction pathway, we examined if this transcription factor was
necessary for IL-4 induced expression of IFN-γ. To this end, we examined the ability of IL-4
to induce expression of IFN-γ in purified CD8+ T cells from STAT6-deficient mice.
Surprisingly, when stimulated with IL-4 alone, loss of STAT6 did not impact upon the
ability of CD8+ T cells to synthesize IFN-γ (Fig. 4A). In contrast, loss of STAT6 did result
in reduced levels of IFN-γ expression in CD44lo CD8+ and CD44hi CD8+ T cells following
stimulation with the combination of IL-4 and CD3/CD28 mAb (Fig. 4A). Therefore,
stimulation of CD8+ T cells with IL-4 plus CD3/CD28 mAb appears to license STAT6
involvement in a signaling pathway that is associated with much increased levels of IFN-γ
gene transcription (Fig. 2C).

We further examined if STAT6 was necessary for IL-4 induced expression of Eomes and T-
bet in CD8+ T cells. Loss of STAT6 did not affect expression of Eomes or T-bet in CD8+ T
cells that were stimulated with IL-4 alone (Fig. 4B and C). However, as with IFN-γ
induction, loss of STAT6 did result in reduced levels of expression of Eomes in CD44lo

CD8+ T cells following stimulation with IL-4 plus CD3 and CD28 mAb (Fig. 4B).
Expression of T-bet was not affected by loss of STAT6 in CD8+ T cells following
stimulation with IL-4 plus CD3 and CD28 mAb (Fig. 4C). From these findings we conclude
that STAT6 functions to increase IFN-γ expression in IL-4 plus CD3/CD28 mAb-stimulated
CD8+ T cells primarily through increasing the expression of Eomes.

3.6. IL-4 induction of IFN-γ expression in CD8+ T cells is partially dependent upon
activation of MAPK and PI3K

JAK-mediated phosphorylation of the IL-4R also leads to recruitment of the insulin receptor
substrate adapter proteins that couple the IL-4R to activation of MAPK and PI3K [23–25].
Furthermore, MAPK and PI3K are activated upon TCR and CD28 engagement and are
essential for a number of different types of T cell response [26, 27]. Therefore, we asked if
MAPK and PI3K activation are necessary for IL-4-induced CD8+ T cell expression of IFN-
γ. For this purpose, purified CD8+ T cells were stimulated with IL-4 and/or CD3 and CD28
mAb in the presence or absence of the MAPK inhibitor, PD98059, or the PI3K inhibitor,
wortmannin. PD98059 and wortmannin both partially inhibited CD8+ T cell expression of
IFN-γ induced by IL-4 alone and IL-4 plus CD3/CD28 mAb (Fig. 5A and B). Furthermore,
this was associated with partial inhibition of expression of Eomes and T-bet for both types
of induced response (Fig. 5C and D). Therefore, MAPK and PI3K promote IL-4 and IL-4
plus CD23/CD28-induced IFN-γ expression in CD8+ T cells by increasing the expression of
Eomes and T-bet.

We additionally examined the effect of combined MAPK and PI3K inhibition and STAT6
loss upon IL-4 plus CD3/CD28-induced IFN-γ secretion in CD8+ T cells (Fig. 5E). Pair-
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wise combination of inhibitors and STAT6 loss resulted in further reduction of IFN-γ
secretion compared to single inhibitors or STAT6 loss alone. Furthermore, combination of
MAPK and PI3K inhibitors with STAT6 loss resulted in a complete blockade of the CD8+ T
cell IFN-γ response.

4. Discussion
We show here that IL-4 acts as a potent stimulator of IFN-γ synthesis and cytotoxic activity
in CD8+ T cells. These functions for IL-4 cannot be explained on the basis of any role for
IL-4 in CD8+ T cell memory development or proliferation. Importantly, therefore, findings
expand upon previous studies and show that IL-4 activates CD8+ T cell IFN-γ synthesis and
cytotoxic effector function directly.

Regarding the mechanism by which IL-4 induces expression of IFN-γ in CD8+ T cells,
interestingly, some induction of IFN-γ was observed when CD8+ T cells were stimulated
with IL-4 alone in the absence of TCR and costimulatory receptor engagement. However,
the IFN-γ synthesized upon IL-4 stimulation alone was not secreted from cells but was
instead retained intracellularly. Therefore, IL-4 produced in the course of an immune
response would not trigger IFN-γ secretion from bystander antigen non-specific CD8+ T
cells unless their TCR and costimulatory receptors were also engaged. If IL-4 alone-induced
IFN-γ synthesis in CD8+ T cells has a physiological purpose, one possibility is that it serves
to amplify a TCR/CD28 plus IL-4 induced IFN-γ response of antigen specific CD8+ T cells.

The role of TCR/CD28 engagement upon CD8+ T cells in induction of IFN-γ secretion is
not limited to an ability to stimulate release of IFN-γ. Thus, TCR and CD28 signals
synergize with IL-4 signals to induce much higher levels of IFN-γ gene transcription. This is
associated with increased expression of Eomes and T-bet transcription factors that are
known activators of IFN-γ gene transcription in CD8+ T cells [22]. Eomes and T-bet also
induce the expression of genes that mediate CTL lysis of target cells [22]. Therefore, an
ability of IL-4 with and without TCR/CD28 engagement to induce both transcription factors
in CD8+ T cells would also account for the role of this cytokine in the acquisition of
cytotoxic effector function.

IL-4-alone and IL-4 plus TCR/CD28-induced CD8+ T cell IFN-γ synthesis was partially
dependent upon activation of MAPK and PI3K. This could be accounted for on the basis
that both signaling intermediates are necessary for full induction of Eomes and T-bet
expression. Exactly how MAPK and PI3K promote Eomes and T-bet expression in CD8+ T
cells is unknown at present. However, MAPK and PI3K participate in signaling pathways
that culminate in the activation of transcription factors such as activator protein 1 and
nuclear factor kappa-B that have the potential to activate transcription of the Eomes and T-
bet genes directly.

STAT6 was not required for CD8+ T cell IFN-γ synthesis induced by IL-4 alone but did
promote IFN-γ synthesis in response to IL-4 plus TCR/CD28 engagement. However, the
magnitude and kinetics of STAT6 activation in CD8+ T cells as detected by phospho-
STAT6 western blotting was comparable following IL-4 alone or IL-4 plus TCR/CD28
activation (data not shown). Therefore, participation of STAT6 specifically upon additional
TCR/CD28 engagement cannot be explained by increased activation of this transcription
factor. Instead, TCR/CD28 triggering must act to license STAT6 involvement in the IFN-γ
response through an as yet undetermined mechanism. Whatever this mechanism, STAT6
appears to increase IFN-γ synthesis through increased expression of Eomes but not T-bet.
Potentially, this specificity could be accounted for by an ability of STAT6 to activate
transcription of the Eomes gene directly.
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The discovery that IL-4 promotes the expression of Eomes in naive CD8+ T cells is exciting
in light of recent findings that state the critical role of Eomes in the promotion and
maintenance of memory CD8+ T cell populations. Eomes-deficient CD8+ T cells have been
reported as defective in establishing central memory cell populations in vivo [21]. In
addition, IL-4 is required for the development of a recently described population of innate
CD8+ T cells in mice with a memory-like phenotype and constitutive expression of Eomes
[28]. IL-4 has also been shown been shown to promote memory development in adaptive
CD8+ T cells in vivo, as well as their survival and proliferation [14, 29, 30]. With regards to
memory development, in the current studies we also found that blockade of IL-4 in CD3/28-
mAb stimulated pan-T cell cultures or addition of IL-4 to CD3/CD28 mAb-stimulated
purified CD8+ T cells inhibited or promoted the generation of CD44hi memory phenotype
CD8+ T cells respectively (data not shown). Potentially, therefore, the role of IL-4 in CD8+
T cell IFN-γ expression might be explained by increased generation of memory phenotype
CD8+ T cells and that memory CD8+ T cells intrinsically have an increased propensity to
synthesize this cytokine in comparison with naïve CD8+ T cells. However, this possibility
can be ruled out since IL-4 was shown to induce high levels of expression of IFN-γ in
CD44lo naïve CD8+ T cells. In addition, IL-4 was generally shown to induce higher levels
of IFN-γ expression in CD44hi memory CD8+ T cells compared to memory CD8+ T cells
deprived of this cytokine.

In conclusion, we have identified IL-4 as a major direct inducer of IFN-γ expression in
CD8+ T cells and have dissected the mechanisms involved. In concert with the TCR and
costimulatory receptors, IL-4 induces expression of Eomes and T-bet and de novo
transcription of the IFN-γ gene. Induction of both transcription factors is partially dependent
upon activation of MAPK and PI3K enzymes in CD8+ T cells. However, only expression of
Eomes is regulated by the STAT6 transcription factor. Altogether, these studies illuminate
an important molecular mechanism involved in the control of CD8+ T cell immunity.
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Highlights

• IL-4 induces CD8+ T cell IFN-γ expression via induction of T-bet and Eomes

• IL-4 and TCR costimulation results in increased expression of T-bet, Eomes and
IFN-γ

• TCR costimulation is required for CD8+ T cell secretion of IFN-γ induced by
IL4

• IL-4 CD8+ T cell expression of IFN-γ is dependent upon MAPK and PI3K

• IL-4 plus TCR induction of IFN-γ is also dependent upon STAT6 that augments
Eomes
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Fig. 1.
Role of IL-2 and IL-4 in induction of IFN-γ expression in CD8+ T cells. Experiments were
performed with T cells from littermate C57BL/6 × 129 Sv (A–C) or C57BL/6 (D) mice. (A)
Pan-T cells or purified CD8+ T cells were stimulated or not with CD3 and CD28 mAb.
After 48 h, expression of IFN-γ upon CD44lo and CD44hi CD8+ T cells was determined by
flow cytometry. At left are shown representative two color flow cytometry plots of CD44
versus IFN-γ staining. Numbers indicate percentage of CD8+ T cells in each quadrant. Bar
charts at right show the mean percentage of IFN-γ positive cells + 1 SEM for CD44lo and
CD44hi CD8+ T cells determined in repeat experiments (n=5 mice). (B) Pan-T cells were
stimulated as in (A) in the presence or absence of neutralizing anti-IL-2 and/or anti-IL-4
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antibodies. Representative flow cytometry plots of CD44 versus IFN-γ staining are shown at
left. Bar charts show mean percentage of IFN-γ positive cells + 1 SEM for CD44lo and
CD44hi CD8+ T cells under each stimulation condition determined in repeat experiments
(n=5 mice). (C) Purified CD8+ T cells were stimulated as in (A) in the presence or absence
of recombinant IL-2 or IL-4. Representative flow cytometry plots of CD44 versus IFN-γ
staining are shown at left. Bar graphs at right show the mean percentage of IFN-γ positive
cells + 1 SEM for CD44lo and CD44hi CD8+ T cells under the indicated stimulation
conditions determined in repeat experiments (n=4 mice). (D) Pan-T cells from C57BL/6
IL-4-deficient (IL-4 KO) and wild type control C57BL/6 mice were stimulated as in (A) in
the presence or absence of neutralizing anti-IL-2 and/or anti-IL-4 mAb. Expression of IFN-γ
upon CD44lo and CD44hi CD8+ T cells was determined by flow cytometry after 48 h of
culture. At top are shown representative flow cytometry plots of CD44 versus IFN-γ
staining. Bar graphs show the mean percentage of IFN-γ positive cells + 1 SEM for CD44lo

and CD44hi CD8+ T cells for each mouse genotype and condition of stimulation as
determined in repeat experiments (n=5 mice each genotype). Statistical significance was
determined using the paired Student’s t-test.
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Fig. 2.
IL-4 induced synthesis of IFN-γ in CD8+ T cells with and without concurrent CD3/CD28
stimulation. All experiments were performed with T cells from C57BL/6 × 129 Sv mice. (A)
Purified CD8+ T cells were stimulated or not with IL-4 and/or CD3 and CD28 mAb for 48
h. Expression of IFN-γ in CD44lo and CD44hi CD8+ T cells was determined by flow
cytometry. At left are shown representative flow cytometric plots of CD44 vs IFN-γ
staining. Bar graph at right shows the mean percentage of IFN-γ positive cells + 1 SEM for
CD44lo and CD44hi CD8+ T cells under different stimulation conditions as determined in
repeat experiments (n=7 mice). (B) Purified CD8+ T cells were stimulated as in (A).
Concentrations of IFN-γ in well supernatants were determined by ELISA. Shown is the
mean concentration of IFN-γ + 1 SEM for each stimulation condition as determined repeat
experiments (n=4 mice). N.D., not detectable. (C) Purified CD8+ CD44lo T cells were
stimulated or not with IL-4 and/or CD3 and CD28 mAb for 6 h. Relative expression levels
of IFN-γ mRNA were determined by real time RT-PCR. Results are expressed as fold
change in IFN-γ expression compared to non-stimulated T cells. Similar results were
obtained in a repeat experiment. In (A) and (B) statistical significance was determined using
the paired Student’s t-test.
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Fig. 3.
IL-4 induction of Eomes and T-bet transcription factors in CD8+ T cells. Pan-T cells or
purified CD8+ T cells from C57BL/6 × 129 Sv mice were stimulated or not with CD3 and
CD28 mAb in the presence or absence of a neutralizing IL-4 mAb or with or without IL-4 or
with IL-4 alone as indicated. After 48 h, expression of CD44 and Eomes (A) or T-bet (B)
upon CD8+ T cells was determined by flow cytometry. At left are shown representative flow
cytometry plots of CD44 versus transcription factor staining. Bar graphs at right show the
mean percentage of transcription factor positive cells + 1 SEM within CD44lo and CD44hi

CD8+ T cell populations under the different stimulation conditions as determined in repeat
experiments (A, n= at least 5 mice; B, n= at least 4 mice). (C) Shown are two-color flow
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cytometry plots of Eomes versus T-bet expression on CD44lo and CD44hi populations from
A and B.
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Fig. 4.
Role of STAT6 in IL-4-mediated induction of IFN-γ expression in CD8+ T cells. Purified
CD8+ T cells from STAT6-deficient (STAT6 KO) or wild type C57BL/6 control mice were
stimulated or not with CD3 and CD28 mAb and/or IL-4. After 48 h, expression of IFN-γ
(A), Eomes and T-bet (B) within CD44lo and CD44hi CD8+ T cell populations was
determined by flow cytometry. Bar graphs show the mean percentage of IFN-γ or
transcription factor-positive cells + 1 SEM for each condition of stimulation and mouse
strain as determined in repeat experiments (n= at least 3 mice each genotype). Statistical
significance was determined using the paired Student’s t-test.
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Fig. 5.
Roles of ERK and PI3K activation in IL-4-mediated induction of IFN-γ expression in CD8+
T cells. Purified CD8+ T cells from C57BL/6 mice were stimulated or not with CD3 and
CD28 mAb and/or IL-4 in the presence or absence of the ERK inhibitor PD98059 (A, C) or
the PI3K inhibitor wortmannin (B, D). After 48 h, expression of IFN-γ (A), Eomes (B) and
T-bet (C) within CD44lo and CD44hi CD8+ T cell populations was determined by flow
cytometry. Bar graphs show the mean percentage of IFN-γ or transcription factor-positive
cells + 1 SEM for each condition of stimulation as determined in repeat experiments (n= at
least 3 mice each genotype). Statistical significance was determined using the paired
Student’s t-test. (E) Purified CD8+ T cells from STAT6-deficient or wild type C57BL/6
control mice were stimulated or not as in (A–D). After 48 h, the concentration of IFN-γ in
well supernatants was determined by ELISA. Shown is the mean concentration of IFN-γ + 1
SEM for each condition of stimulation as determined in repeat experiments (n=3). Statistical
significance was determined using the two sample Student’s t-test.
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