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The Journal of Immunology

Stepwise Epigenetic and Phenotypic Alterations Poise CD8+

T Cells To Mediate Airway Hyperresponsiveness and
Inflammation

Yi Jia,* Katsuyuki Takeda,* Junyan Han,* Anthony Joetham,* Roland A. Marcus,†

Joseph J. Lucas,* Brian P. O’Connor,†,1 and Erwin W. Gelfand*,1

The functional plasticity of CD8+ T cells in an atopic environment, encompassing a spectrum from IFN-g– to IL-13–producing

cells, is pivotal in the development of allergic airway hyperresponsiveness and inflammation, and yet remains mechanistically

undefined. We demonstrate that CD8+ T cell IL-13 induction proceeded through a series of distinct IL-4/GATA3–regulated stages

characterized by gene expression and epigenetic changes. In vivo, CD8+ T cells exposed to an environment rich in IL-4 displayed

epigenetic changes at the GATA3 and IL-13 promoter indicative of transcriptional activation and IL-13 production. In vitro, IL-4

triggered the stepwise molecular conversion of CD8+ T cells from IFN-g to IL-13 production. During the initial stage, IL-4

suppressed T-bet and induced GATA3 expression, characterized by enhanced activating histone modifications and RNA polymer-

ase II (Pol II) recruitment to the GATA3 locus. Notably, recruitment of GATA3 and RNA Pol II to the IL-13 promoter was also

detected at this initial stage. However, enhanced IL-13 transcription only occurred at a later stage after TCR stimulation,

indicating that IL-4–induced GATA3 recruitment poises the IL-13 locus for TCR-mediated transcription. Thus, both in vivo

and in vitro, an atopic (IL-4) environment poises CD8+ T cells via stepwise epigenetic and phenotypic mechanisms for pathogenic

conversion to IL-13 production, which is ultimately triggered via an allergen-mediated TCR stimulus. The Journal of Immu-

nology, 2013, 190: 000–000.

T
he role of CD4+ T cells and the production of Th2-
related cytokines in asthma have been substantiated in
many studies and different species (1–4). In contrast, the

role of CD8+ T cells is less clear, with conflicting results showing
a protective (5, 6), enhancing (7–9), or dual role (10–12) depending
on environmental conditions. In asthmatics, CD8+ T cells have
been correlated with reduced lung function (7). In mice, CD8+

T cell depletion resulted in reduced airway responses (13). A
unique subset of CD8+ T cells, CD8 effector memory T cells,
played a critical role in experimental asthma (14–16). Unlike cen-
tral memory CD8+ T cells, they expressed a high-affinity receptor
for leukotriene B4, BLT1, which was essential for their recruitment
and accumulation in the lung (17). The central role of CD8+BLT1+

T cells in the lung was attributed to their capacity for IL-13 pro-
duction (9). Effector CD8+ T cells are typically defined by their
ability to secrete IFN-g and to produce molecules involved in cy-
tolysis such as perforin and granzyme B (18, 19). The mechanism
(s) by which effector CD8+ T cells can be converted into pathogenic
IL-13–producing cells in the allergic lung has not been defined.
Th cell lineage commitment and differentiation have been

viewed largely in a unidirectional manner with nonreversible ter-
minal end points having distinct effector functions. Recognition of
T cell subsets beyond Th1 and Th2 has prompted a re-examination
of this concept. It appears that subsets are more “plastic,” with
instability of lineage-specific transcription factor expression pro-
viding flexibility in differentiation options (20). Most studies have
focused on the plasticity of CD4+ T cells, demonstrating a ca-
pacity for redirecting their functional programs. These differen-
tiation decisions are dictated primarily by cytokines in the micro-
environment; for example, reciprocal involvement of IL-4 and
IL-12/IFN-g in CD4+ T cell polarization has been well charac-
terized (21, 22). In contrast, little has been reported on the func-
tional plasticity of CD8+ T cells (23, 24).
Epigenetic mechanisms regulate CD4+ T cell lineage differen-

tiation from Th0 to Th1, Th2, regulatory T cells, and Th17 subsets
(25–27). Th2 polarization is regulated by association of the per-
missive histone modification trimethylation of lysine 4 of histone
3 (H3K4me3) with the IL-4 promoter and repressive trimethyla-
tion of lysine 27 of histone 3 (H3K27me3) with the IFN-g pro-
moter (26). Alterations in H3K4me3, H3K27me3, and histone
acetylation regulate CD8+ T cell memory development (27–29),
and permissive histone modifications poise cytokine gene promoters
for rapid transcription after stimulation. Little is known about the
interrelationships of histone regulation, asthma pathophysiology,
and CD8+ T cell plasticity in Tc1 and Tc2 phenotypes.
In this study, we examined the mechanisms controlling IL-4–

mediated CD8+ T cell conversion to an asthma-associated phe-
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notype. Adoptive transfer of IFN-g–producing CD8+ T cells into
an atopic environment demonstrated their plasticity via an ac-
quired ability in vivo to produce IL-13 and to induce airway
hyperresponsiveness (AHR) and inflammation in sensitized and
challenged recipients. Histone modifications and changes in re-
cruitment of polymerase II (Pol II) at lineage-specific effector
cytokine and transcription factor loci characterized both the
in vitro and in vivo lineage conversion of CD8+ T cells. These
studies begin to define the mechanisms through which CD8+

T cells contribute to AHR and inflammation, and suggest novel
ways to interfere with these processes in airway allergic diseases.

Materials and Methods
Animals

OT-1 TCR transgenic (OT-1) mice and homozygous CD8-deficient mice
were bred in the animal facility at National Jewish Health (Denver, CO). OT-
1 mice (C57BL/6 strain) express a transgenic TCR specific for SIINFEKL
peptide (OVA257–264) as analyzed by FACS staining of peripheral blood
cells with Abs against Va2 and Vb5 subunits. CD8-deficient mice were
generated by targeting the CD8a-chain gene in C57BL/6 mice (14). An-
imal experiments in this study were conducted under the protocol approved
by the Institutional Animal Care and Use Committee of National Jewish
Health.

CD8+ T cell culture

CD8+ effector memory T cells were generated in vitro, as previously de-
scribed (14). Spleens were obtained from OT-1 mice and processed into
mononuclear cells using Histopaque (Sigma, St. Louis, MO). A total of
1 mg/ml SIINFEKL peptide (OVA257–264) was used to stimulate cells for
1.5 h. Two days later, living cells were reisolated using Histopaque and
cultured in complete RPMI 1640 medium that contained recombinant
mouse IL-2 (20 ng/ml; R&D, Minneapolis, MN), IL-2+IL-4 (20 ng/ml;
PeproTech, Rocky Hill, NJ), or IL-2+IL-5 (20 ng/ml; PeproTech). Medium
with cytokines was changed every day for a further 4 d. The cells were
then restimulated with 1 mg/ml SIINFEKL in medium containing IL-2
(20 ng/ml) and 2 mM monensin (Calbiochem, La Jolla, CA) for 4 h
(Supplemental Fig. 1A).

Sensitization and airway challenge

CD8-deficient mice were sensitized with 20 mg OVA (Calbiochem, La
Jolla, CA) emulsified in 2.25 mg alum (AlumImuject; Pierce, Rockford,
IL) on days 1 and 14 by i.p. injection (14). Mice were challenged with 1%
OVA for 20 min on days 28, 29, and 30 using an ultrasonic nebulizer
(model NE-U07; Omron Healthcare, Kyoto, Japan). Airway function was
measured and samples were collected on day 32.

Adoptive transfer

CD8+ T cells (13 106) generated in medium containing IL-2 or IL-2+IL-4
were injected into OVA-sensitized CD8-deficient mice i.v. on day 28,
followed by three challenges on days 28, 29, and 30. CD8+ T cells (5 3
106) generated in medium containing IL-2 were injected as a positive
control (Supplemental Fig. 1B).

Anti-mouse IL-4 Ab administration

Anti-mouse IL-4 (200 mg) was injected i.v. into sensitized CD8-deficient
mice on days 26–30. Control, rat IgG Ab was administered in the same
manner. Sensitized mice received 5 3 106 CD8+ T cells on day 28 i.v.
followed by three challenges on days 28, 29, and 30. Airway function was
measured and samples were collected on day 32 (Supplemental Fig. 1C).

Assessment of airway function

Airway function was assessed as described previously (14, 15) by mea-
suring changes in airway resistance (RL) in response to increasing doses of
inhaled methacholine (Sigma). Data were presented as percentage change
from the baseline RL values after saline inhalation.

Bronchoalveolar lavage analysis

After measurement of AHR, lungs were lavaged via the tracheal tube with
1 ml HBSS. The supernatants were collected and IFN-g, IL-4, IL-5, and
IL-13 (eBiosicence, San Diego, CA) levels were measured by ELISA (11,
14). Total leukocyte numbers were counted and differentiated (11, 14).

Lung histology

Lungs were isolated and fixed in 10% formalin, then embedded in paraffin
and cut into 5-mm-thick tissue sections. Sections were stained with periodic
acid–Schiff (PAS). Mucous-containing cells were quantitated as previously
described (30).

Recovery of and in vitro stimulation of adoptively transferred
CD8+ T cells

Lung cells from sensitized and challenged CD8-deficient mice that re-
ceived CD8+ T cells were isolated by collagenase (Life Technologies,
Carlsbad, CA) digestion and enriched using nylon wool columns (14).
CD8+ T cells were further purified using MACS beads (Miltenyi Biotec,
Auburn, CA). Isolated CD8+ T cells (1 3 106/ml) were stimulated with
50 ng/ml PMA (Calbiochem, La Jolla, CA) and 1 mM ionomycin
(Calbiochem, La Jolla, CA) in the presence of 2 mM monensin for 4 h.
Cells were collected and washed twice with PBS containing 1% BSA for
IFN-g and IL-13 intracellular staining as described later.

Flow cytometric analysis

For surface staining, cells werewashed with PBS containing 1%BSA twice,
then incubated with anti-mouse CD16/CD32 (2.4G2; BD Bioscience, San
Jose, CA) at 4˚C for 5 min and stained with PE-labeled anti-mouse IL-4Ra
(mIL4R-M1; BD Bioscience) or PE-labeled anti-mouse IL-5Ra (T21; BD
Bioscience). Isotype-matched Abs were used as controls. For intracellular
staining, 1 3 106/ml cells were washed with PBS containing 1% BSA
twice, then stimulated with 1 mg/ml SIINFEKL in the presence of 2 mM
monensin at 37˚C for 4 h. After fixation with 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) and permeabilization with
0.1% saponin (Sigma), cells were stained with FITC-labeled anti-mouse
IFN-g (XMG 1.2; eBioscience), PE-labeled anti-mouse IL-13 (eBio13A;
eBioscience) or Alexa Flour 647–labeled anti-mouse Eomes (Dan11mag;
eBioscience). Cell staining was monitored on a FACSCalibur (BD Bio-
science) and analyzed using FlowJo software (Tree Star, Ashland, OR).

RNA preparation and analyses

Total RNA was extracted from 5 3 106 differentiated CD8+ T cells using
the RNeasy Mini kit (Qiagen, Valencia, CA). For RT-PCR, 1 mg total RNA
was converted into cDNA using iScript cDNA Synthesis kit (Bio-Rad,
Hercules, CA). Quantitative real-time PCR was performed using the ABI
7700 sequence detection system (Applied Biosystems, Foster City, CA).
Fold changes were determined using the 22DDCt method, with normali-
zation to expression of mouse GAPDH.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were performed according to
manufacturer protocols (31) with ChIP assay kit reagents (Active Motif,
Carlsbad, CA). In brief, chromatin was cross-linked by the addition of
methanol-free formaldehyde to target cells at a final concentration of 1% at
room temperature. Cross-linking was stopped by the addition of 0.125 M
glycine at room temperature. After cell lysis, the cross-linked chromatin was
sheared using a Covaris S2 focused energy isothermal sonicator to an av-
erage size of 300–500 bp, with highest density at 500 bp. ChIP was per-
formed according to manufacturer’s protocols with magnetic beads and the
following Abs: anti-H3K4me3, anti-H3K27me3, anti-RNA Pol II (Abcam,
Cambridge, MA), anti-RNA Pol II pS5CTD (Active Motif, Carlsbad, CA),
and anti-GATA3 (Santa Cruz Biotech, Santa Cruz, CA). The immunopre-
cipitated genomic DNA was analyzed via SYBR green quantitative PCR
(qPCR). A matched isotype Ab was used as a negative control. The fol-
lowing promoter specific primers were used: GATA3, (forward) 59-GG-
TTGCAGTTTCCTTGTGCT-39, (reverse) 59-CGACGCAACTTAAGGAG-
GTT-39; T-bet, (forward) 59-AACTTCCTGGGGGAGAGAAA-39, (reverse)
59-GAATTCGCTTTTGGTGAGGA-39; IL-13, (forward) 59-CCACCGTG-
GAAATAAACCAC-39, (reverse) 59-TCTCTGCTTTGTTGGGCATT-39; IFN-
g, (forward) 59-AGAGCCCAAGGAGTCGAAAG-39, (reverse) 59-TACCT-
GATCGAAGGCTCCTC-39. qPCR data were analyzed via the %input
methodology: [2^(cycle threshold of total input 2 cycle threshold of
specific IP)] 3 100. ChIP genomic DNA from anti-GATA3 IP was also
examined using IL-13 promoter–specific primers via end-point PCR
followed by agarose gel electrophoresis. The ChIP-PCR data were ana-
lyzed via ImageJ densitometry.

Statistical analysis

All data, unless otherwise indicated, were representative of at least two to
three independent experiments with three to four mice per group. Results
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were expressed as the mean 6 SEM. Student two-tailed t test was used to
determine the level of difference between two groups. ANOVAwas used to
determine the levels of difference among more than three groups. The
Mann–Whitney U and t statistical tests were performed for analysis of the
ChIP data, taking into account variability in the assays across multiple
biological repeats.

Results
IL-4 promotes CD8+ T cell–mediated AHR and inflammation
in vivo

CD8-deficient mice develop lower AHR and eosinophilia than WT
mice after sensitization and challenge in asthma models (14), and
adoptive transfer of 5 3 106 CD8+ T cells restores the full extent
of AHR, eosinophilia, and goblet cell metaplasia (14). Thus, in
response to asthma-related stimuli, skewed CD8+ T cells con-
tribute to AHR and inflammation in vivo. To define the role of
IL-4, a prototypical asthma-associated cytokine, in CD8+ T cell–
mediated regulation of AHR and inflammation, 1 3 106 CD8+

T cells differentiated in IL-2 or IL-2+IL-4 in vitro (Supplemental
Fig. 1A) were transferred into sensitized CD8-deficient mice be-
fore airway challenge (Supplemental Fig. 1B). The results dem-
onstrated that 1 3 106 CD8+ T cells differentiated in IL-2+IL-4
fully restored AHR and airway inflammation (Fig. 1A, 1B). In

contrast, 1 3 106 CD8+ T cells differentiated in IL-2 alone could
not restore these responses, although a higher dose of 5 3 106

cells was sufficient. IFN-g levels were significantly lower, and IL-
4, IL-5, and IL-13 levels were significantly higher in the bron-
choalveolar lavage (BAL) fluid of mice that received CD8+ T cells
differentiated in IL-2+IL-4 compared with those that received
CD8+ T cells differentiated in IL-2 alone (Figs. 1C–F). Lung
sections were analyzed by PAS staining and showed that the
recipients of CD8+ T cells differentiated in IL-2+IL-4, but not
IL-2 alone, had significantly increased numbers of PAS+ mucous-
containing goblet cells and an increased accumulation of inflam-
matory cells (Fig. 1G). Thus, IL-4+IL-2, but not IL-2 alone, was
sufficient to convert CD8+ T cells to a proasthmatic phenotype.

IL-4 is essential for the functional conversion of transferred
CD8+ T cells in sensitized and challenged recipients

Given the ability of IL-4 to skew CD8+ T cells in vitro, we ex-
amined the role of IL-4 in mediating in vivo CD8+ T cell con-
version. Anti-mouse IL-4 or isotype control was administered to
sensitized CD8-deficient mice before transfer of 5 3 106 CD8+

T cells (differentiated in IL-2 alone) as outlined in Supplemental
Fig. 1C. Mice treated with anti–IL-4 had lower AHR and less
eosinophilia in BAL fluid, similar to levels observed with sensi-

FIGURE 1. Limiting numbers of CD8+ T cells differentiated in IL-2+IL-4 restore AHR and inflammation in CD8-deficient recipients. CD8-deficient

mice were sensitized and challenged, and received no cells, 1 3 106, or 5 3 106 CD8+ T cells differentiated in IL-2 alone or IL-2+IL-4. (A) Changes in RL

were measured in response to increasing concentrations of methacholine. (B) Cell composition in BAL fluid. Cytokine levels in BAL fluid. IFN-g (C), IL-13

(D), IL-4 (E), and IL-5 (F) levels. (G) Representative photomicrographs of lung histology (original magnification 3200). Quantitative analysis of goblet

cells was as described inMaterials and Methods. Data (mean6 SEM) are from two to three experiments with three to four mice per experiment. *p, 0.05,

**p , 0.01; both compared with sensitized and challenged CD8-deficient recipients of 5 3 106 IL-2–differentiated cells. ##p , 0.01 compared with

sensitized and challenged CD8-deficient recipients of 1 3 106 IL-2–differentiated cells.
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tized and challenged CD8-deficient mice that did not receive any
cells (Fig. 2A, 2B). Levels of IL-4, IL-5, and IL-13 in BAL fluid
were lower and IFN-g was significantly higher in recipient mice
treated with anti–IL-4 (Fig. 2C–F). Histological examination
showed that numbers of PAS+ mucous-containing goblet cells
were significantly lower in the recipients that received anti–IL-4
(Fig. 2G).
Lung CD8+ T cells were recovered after challenge of CD8-

deficient mice that had received CD8+ T cells and were treated
with anti–IL-4. The cells were stimulated with PMA and ion-
omycin in the presence of monensin for 4 h. The number of IL-13
single-positive cells was dramatically lower and IFN-g single-
positive cells were higher in the CD8+ T cells recovered from
the lungs of mice treated with anti–IL-4 compared with those
treated with isotype control Ab or mice not treated with Ab (Fig.
2H). Thus, IL-4 was required for the in vivo conversion of CD8+

T cells to an IL-13–secreting Tc2 phenotype.

Transfer of Tc1 skewed CD8+ T cells to an allergen-sensitized
host engenders their Tc2 epigenetic conversion

IL-13 expression is regulated, in part, by the lineage-specific
transcription factor GATA3 (32). However, the role of IL-4 in

regulating GATA3-mediated IL-13 expression by asthma-promot-
ing CD8+ T cells remains unexplored. Using ChIP-qPCR, we
compared histone modifications at the promoter regions of IL-
13, IFN-g, GATA3, and T-bet in CD8+ T cells differentiated in
vitro with IL-2 or recovered from the lungs after adoptive transfer
(of 5 3 106 IL-2–treated cells) to allergen-sensitized and -chal-
lenged recipients, as illustrated in Fig. 3A–D. Association of the
permissive H3K4me3 histone modification at the IL-13 promoter
increased 2-fold in recovered lung CD8+ T cells, whereas the re-
ciprocal repressive H3K27me3 histone modification decreased
11-fold compared with pretransfer cells (Fig. 3A). Association of
the permissive H3K4me3 histone modification at the GATA3 pro-
moter also increased 3-fold in recovered lung CD8+ T cells com-
pared with pretransfer CD8+ T cells, whereas reciprocal repressive
H3K27me3 modification decreased 9-fold (Fig. 3C). In contrast,
reciprocal changes in the permissive and repressive histone mod-
ifications were not observed at the IFN-g and T-bet promoters.
Although H3K27me3 decreased at the IFN-g and T-bet promoters
in recovered lung cells versus pretransfer, no change in H3K4me3

was observed (Fig. 3B, 3D, respectively). These data indicate that
in vivo Tc2 plasticity of CD8+ T cells was associated with epige-
netic regulation of the key induced, lineage-specific, promoter loci.

FIGURE 2. Anti–IL-4 treatment of CD8-deficient recipients of CD8+ T cells prevents restoration of AHR and inflammation. (A) Changes in RL were

measured in response to increasing concentrations of methacholine. (B) Cell composition in BAL fluid. Cytokine levels in BAL fluid. IFN-g (C), IL-13 (D),

IL-4 (E), and IL-5 (F) levels. (G) Representative photomicrographs of lung histology (original magnification 3200). Quantitative analysis of goblet cells

was as described in Materials and Methods. (H) IFN-g and IL-13 expression in recovered lung CD8+ T cells. Data (mean 6 SEM) were from at least three

independent experiments (n = 9–12). *p , 0.05, **p , 0.01; both compared with sensitized and challenged CD8-deficient recipients of 5 3 106 IL-2–

differentiated CD8+ T cells group. ##p , 0.01 compared with sensitized and challenged CD8-deficient recipients of 5 3 106 IL-2–differentiated CD8+

T cells treated with an isotype control.
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IL-4 alters the phenotype of CD8+ T cells for IL-13 production
in vitro

We used a staged in vitro differentiation system to more closely
define the mechanisms through which IL-4 regulates CD8+ T cell
conversion. The protocol for differentiation of CD8+ T cells in vitro
is illustrated in Supplemental Fig. 1A. Approximately 25% of the
cells were positive for IL-4R on day 0 and increased on days 2 and
4 in the IL-2–treated group (Table I, Supplemental Fig. 2A). In the
presence of IL-2+IL-4, the percentage of IL-4R+ cells was further
increased. As a control, there was little change in the number of IL-
5R+ cells in any of the groups (Supplemental Fig. 2B).
CD8+ T cells were differentiated in the presence of IL-2, with or

without IL-4 or IL-5 as a control. After 6 d in culture, cells were
restimulated with SIINFEKL in the presence of monensin for 4 h. As
shown in Fig. 4A and Table II, virtually all of the cells were negative
for both IFN-g and IL-13 in the IL-2–treated group without Ag
restimulation; ∼90% of the cells were identified as IFN-g–producing
after SIINFEKL restimulation. Few cells were IL-13–producing after
SIINFEKL restimulation. Among cells cultured in medium con-
taining IL-2+IL-4, few cells (∼1%) were IFN-g–producing, and
small numbers (∼6%) produced IL-13. After SIINFEKL restim-
ulation, there was a significant decrease in the numbers of IFN-g–
producing cells compared with that seen in IL-2–treated cultures, and
∼40% of the cells were now IL-13 producing. A substantial fraction
of cells were identified as double negatives in the IL-2+IL-4–treated
group even after restimulation with SIINFEKL. CD8+ T cells that

were differentiated in medium containing IL-2+IL-5 showed a simi-
lar phenotype as IL-2–treated cells (data not shown).
Cells from each group were assessed by quantitative RT-PCR.

IFN-g mRNA levels were significantly lower in cells treated with

IL-2+IL-4 compared with cells treated with IL-2 alone. After

restimulation with SIINFEKL for 4 h, IFN-g mRNA levels re-

mained lower in IL-2+IL-4–treated cells (Fig. 4B). In contrast,

IL-13 mRNA levels were significantly higher in cells treated with

IL-2+IL-4 compared with cells treated with IL-2 alone, and the

cells showed the same pattern after restimulation with SIINFEKL

for 4 h (Fig. 4C). IFN-g and IL-13 protein levels were determined

by ELISA. IFN-g levels were below limits of detection in cells

treated with either IL-2 or IL-2+IL-4. After restimulation with

SIIFNFEKL, IFN-g levels produced by IL-2–treated cells were

significantly increased. IFN-g production was significantly lower

in the cells differentiated in the presence of IL-2+IL-4 (Fig. 4D). In

contrast, IL-13 levels were significantly higher in cultures of cells

grown with IL-2+IL-4 compared with IL-2 alone. The same pattern

of increased IL-13 production was seen after restimulation with

SIINFEKL for 4 h, except that the levels produced by cells grown

in IL-2+IL-4 were much higher after Ag restimulation (Fig. 4E).

IL-4 and IL-5 protein levels were also evaluated, and the data

showed that both were increased in cultures treated with IL-2+IL-4

compared with IL-2 alone (data not shown). Overall, CD8+ T cells

shifted their cytokine profile from exclusively IFN-g producing to

predominantly Th2 cytokine producing in the presence of IL-4.

FIGURE 3. ChIP analysis of histone mod-

ifications in pretransfer IL-2–differentiated

CD8+ T cells compared with recovered lung

CD8+ T cells. ChIP analysis of CD8+ T cells to

determine changes in permissive (H3K4me3)

and repressive (H3K27me3) histone modifi-

cations from transferred CD8 T cells to re-

covered lung CD8+ cells postadoptive transfer.

ChIP was coupled with qPCR using primers

specific for the core promoter regions (-500

relative to the transcription start site) of IL-13

(A), IFN-g (B), GATA3 (C), and T-bet (D).

Two sets of stimulated CD8+ T cells were

analyzed for each IP and promoter locus:

preadoptive transfer, in vitro IL-2–differenti-

ated CD8+ T cells, and postadoptive transfer

CD8+ T cells recovered from the lungs of

sensitized and challenged CD8-deficient

recipients. The ChIP isolated genomic DNA

was used as the template for qPCR analysis

with the promoter locus specific primers. An

isotype-matched Ab was used as a negative

control for each sample and primer set. Data

were calculated using the percentage total ge-

nomic input method. Data are from cells

pooled from the lungs of 10 mice. Statistical

significance was calculated using the Mann–

Whitney U and t tests, *p , 0.05.

Table I. Kinetics of IL-4R and IL-5R expression in CD8+ T cells differentiated in IL-2 or IL-2+IL-4 in vitro.

Day 2 Day 4

Day 0 IL-2 IL-2+IL-4 IL-2 IL-2+IL-4

%IL-4Ra 24.5 6 1.6 38.2 6 3.8 50.6 6 5.5* 75.2 6 2.9 90.0 6 5.6**
%IL-5Ra 11.4 6 1.7 15.3 6 3.3 15.8 6 2.5 12.8 6 3.8 15.7 6 5.2

Data shown are representative of at least four independent experiments (n = 16).
*p , 0.01 compared with the IL-2 group on day 2, **p , 0.01 compared with the IL-2 group on day 4.
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IL-4 alters the levels of lineage-specific transcription factor
expression in CD8+ T cells in vitro

Expression of IFN-g and IL-13 in T cells is regulated by the tran-
scription factors T-bet and GATA3, respectively (33, 34). Repressor

of GATA (ROG) is a transcription factor that controls the expres-

sion of GATA3 (35, 36). CD8+ T cells cultured with IL-2+IL-4 ex-

pressed significantly lower levels of T-bet and ROG, and significantly

higher levels of GATA3 compared with cells cultured with IL-2 alone

both before and after restimulation with SIINFEKL (Fig. 5A).
Runx3 augments Th1 and downmodulates the Th2 phenotype

by attenuating GATA3 expression (37). Runx1 inhibits the differ-

entiation of naive CD4+ T cells into the Th2 lineage by repressing

GATA3 expression (38). Runx3, but not Runx1, expression levels

were significantly lower in cells treated with IL-2+IL-4 compared

with cells treated with IL-2 alone, with or without restimulation
by SIINFEKL (Fig. 5B).
Eomesodermin (Eomes) is a member of the same subfamily of

T-box factors as T-bet and regulates IFN-g expression in CD8+ T cells
(39, 40). The addition of IL-4 to the IL-2–containing medium resulted
in a lower percentage of cells stained positive for Eomes, both before
and after restimulation with either SIINFEKL (Supplemental Fig. 3).
Thus, the changes induced in the CD8+ T cell cytokine profile by
IL-4 were accompanied by changes in the levels of transcription
factors known to be “lineage-specific” differentiation factors.

IL-4 regulates GATA3 recruitment, histone modifications,
and RNA Pol II recruitment in CD8+ T cells

As described earlier (Fig. 3), T cell lineage conversion is associ-
ated with posttranslational modifications to histone proteins at the

FIGURE 4. IFN-g and IL-13 expression in CD8+ T cells differentiated in IL-2 or IL-2+IL-4 in vitro. (A) Representative results of intracellular staining of

IFN-g and IL-13 expression in CD8+ T cells with or without SIINFEKL restimulation. (B) IFN-g mRNA levels in CD8+ T cells. (C) IL-13 mRNA levels.

(D) IFN-g protein levels. (E) IL-13 protein levels. Data (mean 6 SEM) are from 6–10 independent experiments (n = 20–30). *p , 0.05, **p , 0.01; both

compared with the IL-2 group. ##p , 0.01 compared with the IL-2+SIINFEKL group.

Table II. IFN-g and IL-13 expression in CD8+ T cells differentiated in IL-2 or IL-2+IL-4.

% Positive Cells

IL-2 IL-2+IL-4 IL-2+SIINFEKL IL-2+IL-4+SIINFEKL

IFN-g single-positive cells 0.2 6 0.1 0.8 6 0.3* 85.4 6 4.8 16.7 6 9.0**
IL-13 single-positive cells 0.2 6 0.1 5.6 6 1.4* 0.5 6 0.4 33.3 6 8.7**
IFN-g+ IL-13+ 0 0.1 3.2 6 2.4 7.5 6 2.5**
IFN-g2 IL-132 99.6 6 0.2 94.0 6 2.4* 10.9 6 4.6 42.4 6 8.1**

Intracellular staining of IFN- and IL-13 in CD8+ T cells with or without SIINFEKL restimulation. Data (mean 6 SEM)
showing percentage positive cells were from at least four independent experiments.

*p , 0.01 compared with the IL-2 group, **p , 0.01 compared with the IL-2+SIINFEKL group.
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IL-13, IFN-g, GATA3, and T-bet promoters during in vivo Tc2
conversion (25, 26, 41). ChIP-qPCR assays were performed using
the stepwise differentiation model of CD8+ Tc2 conversion, which
enabled a multistage examination of IL-4–regulated reprogram-
ming of CD8+ T cells for IL-13 production (Supplemental Fig.
1A). The analysis revealed a 30-fold increase in GATA3 recruit-
ment to the IL-13 promoter in IL-2+IL-4–treated CD8+ T cells
versus IL-2 alone (Fig. 6A). Moreover, a significant decrease in
IL-13 promoter–associated GATA3 recruitment was observed in
IL-2+IL-4 cells after treatment with SIINFEKL, suggesting tem-
poral, spatial, and/or TCR-mediated regulation of the promoter
region. In contrast, no significant recruitment of GATA3 to the IL-
13 promoter was observed in cells that had been differentiated in
IL-2 alone with or without SIINFEKL. This dynamic GATA3
recruitment was confirmed by ChIP-PCR followed by gel elec-
trophoresis (Supplemental Fig. 4).
We next examined epigenetic regulation of the promoter regions

of IL-13 and IFN-g at various stages of in vitro CD8+ T cell
differentiation. Association of the permissive histone modification
H3K4me3 at the IL-13 promoter increased 5-fold in IL-2+IL-4–
versus IL-2–treated CD8+ T cells, whereas H3K27me3 decreased
4-fold (Fig. 6B), corresponding to the period of GATA3 promoter
recruitment and association (Fig. 6A). ChIP was also used to analyze
recruitment of the RNA Pol II complex given the evidence for Pol II–
histone methylation interaction and regulation (42, 43). IL-2+IL-4
treatment increased recruitment of Pol II and Pol II with a phos-
phorylated serine 5 of the C-terminal domain (Pol IIpCTD; the ini-
tiation complex) to the IL-13 promoter ∼5-fold versus IL-2 alone
(Fig. 6B), despite low levels of IL-13 transcription and very low
protein production at this stage (Fig. 4), suggesting that IL-2+IL-4
treatment poised the IL-13 locus for active transcription, which then
occurred after TCR stimulation. No significant differences in histone
modifications or Pol II recruitment were observed at the IFN-g pro-
moter in IL-2+IL-4–treated CD8+ T cells versus IL-2 alone (Fig. 6C).
We also examined the GATA3 and T-bet promoter regions via

ChIP. IL-2+IL-4 treatment increased association of permissive

H3K4me3 at GATA3 by .4-fold compared with IL-2 alone (Fig.
6D). A similar pattern was observed after SIINFEKL stimulation.
IL-2+IL-4 also induced a 16-fold decreased association of re-
pressive H3K27me3 at GATA3 compared with IL-2 alone (Fig.
6D). No significant differences were detected in H3K27me3 be-
tween the treatment groups after SIINFEKL stimulation. IL-2+IL-
4 treatment increased Pol II recruitment .2-fold and increased
recruitment of Pol IIpCTD .6-fold compared with IL-2 treatment
alone (Fig. 6D). A similar pattern was observed after SIINFEKL
stimulation. Although the recruitment of Pol II and Pol IIpCTD at
the T-bet promoter was greater in IL-2– versus IL-2+IL-4–treated
cells, the differences in histone modifications between the treat-
ment groups were not significant (Fig. 6E). Thus, histone mod-
ifications were coregulated with Pol II recruitment at the IL-13
and GATA3 promoters, but not the IFN-g or T-bet promoters. We
observed that IL-4–regulated GATA3 recruitment coincided with
histone modifications at the IL-13 promoter, although significant
IL-13 protein production required SIINFEKL stimulation.

Discussion
Substantial evidence supports the notion that CD8+ T cells, in
concert with CD4+ T cells, play important roles in allergic airway
disease, through production of IL-13 and other inflammatory
cytokines (9, 13, 14). IL-4–induced skewing from conventional
IFN-g–producing effector cells to pathogenic IL-13–producing
cells was shown to proceed in a stepwise manner characterized
initially by changes in expression of the lineage-specific tran-
scription factors GATA3 (increased) and T-bet (decreased), and
then of IL-13 and IFN-g. These changes were accompanied by
histone modifications and RNA Pol II recruitment at the proximal
promoters, especially for those regulating GATA3 and IL-13.
After TCR restimulation, increased expression of IL-13 RNA
and protein levels occurred. Functionally, limited numbers of
in vitro–converted CD8+ T cells fully restored allergen-induced
AHR and inflammation after adoptive transfer into CD8-deficient
mice. When nonconverted CD8+ T cells (i.e., those grown in IL-2
alone) were transferred and then recovered from sensitized and
challenged CD8-deficient mice, they recapitulated and confirmed
the molecular changes seen in vitro, with conversion to IL-13
production in an IL-4–dependent manner.
IL-4 stimulates a spectrum of intracellular signaling cascades in

CD8+ T cells (44). IL-4 and IFN-g reciprocally regulate type 2
polarization of CD8+ T cells. IL-4 was shown to induce effector
CD8+ T cells that express type 2 as well as type 1 cytokines.
Finkelman et al. (24) demonstrated that endogenously produced
IL-4 was a direct, nonredundant stimulator of CD8+ T cell pro-
liferation in Ag-induced CD8+ T cell responses, and these stim-
ulatory effects were enhanced in a model of airway disease. Th1
effector memory cells were able to turn off IFN-g expression
in vivo and “redifferentiate” under the right conditions (45). In
a tumor model, tumor-derived IL-4 induced the expression of type
2 cytokines and GATA3 by responding CD8+ T cells, reducing
antitumor efficacy (46).
In this study, we have proposed that CD8 T cells committed to

IFN-g production, when exposed to IL-4 in vitro or an atopic
environment in vivo, transit distinct stages characterized by changes
in transcription factor expression, histone modifications, and, ul-
timately, after Ag stimulation, transcription, and translation of IL-
13. In a different system, Hayashi et al. (47) similarly showed that
Th1 cells, committed to IFN-g production, can also make Th2
cytokines such as IL-13 under specific conditions. Our data are
compatible with the notion that IFN-g+ cells can acquire the capacity
to produce IL-13 when expanded in vitro with IL-4 or exposed

FIGURE 5. Transcription factor expressions in CD8+ T cells. (A) T-bet,

GATA3, and ROG expression in CD8+ T cells differentiated in IL-2 or IL-2

+IL-4 with or without SIINFEKL restimulation. (B) Runx1 and Runx3

expression levels. Data (mean 6 SEM) are from three to five independent

experiments and expressed as the mean 6 SEM. *p , 0.05, **p , 0.01;

both compared with the IL-2 group. ##p , 0.01 compared with the IL-2

+SIINFEKL group.
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to IL-4 in vivo. What remains unclear is whether these cells have
lost the ability to produce IFN-g, and thus are clearly “converted”
to IL-13 production, or rather emerge from CD8+ IFN-g2 cells.
As reviewed by O’Shea and Paul (22), it is still unclear what is
meant by the terms lineage stability and plasticity/conversion,
and how they can be distinguished. Moreover, such findings do
support arguments for flexibility in cytokine production, and
less likely a strict and fixed lineage commitment model in CD8
T cell differentiation. Currently, because of technologic issues,
it remains difficult to ascertain the frequency and origin of con-
verted cells.
Based on our earlier findings of the role of CD4+IL-4+ T cells

in the initial activation of CD8+ T cells (14), we examined the role
of IL-4 during the functional differentiation of CD8+ T cells in

a carefully regulated and staged in vitro system, and identified
mechanisms controlling the plasticity of CD8+ T cells, focusing
initially on the functional development of CD8+ T cells into IFN-g
or IL-13 producers in vitro. To examine the mechanisms involved
in this “stepwise” conversion, we monitored expression of the
lineage-specific master regulatory transcription factors that control
T cell differentiation. Before TCR restimulation, but after IL-4
treatment, GATA3 expression levels significantly increased in
T cells, whereas T-bet and repressor of GATA3 levels decreased.
Differences in Runx3 and Eomes expression were also observed.
Significantly, changes in lineage-specific transcription factors re-
quired only IL-4 and were not dependent on TCR restimulation. In
contrast, IL-4–mediated induction of IL-13 RNA and protein ex-
pression required TCR restimulation. Thus, IL-4 appeared to play

FIGURE 6. ChIP analysis of GATA3 recruitment, histone modifications, and Pol II recruitment in differentiated CD8+ T cells. Four groups of stimulated

CD8+ T cells were analyzed for each IP and promoter locus: IL-2 alone, IL-2+IL-4, IL-2+SIINFEKL (TCR stimulus), and IL-2+IL-4+SIINFEKL. The

ChIP isolated genomic DNA was used as the template for qPCR analysis with the promoter locus–specific primers. An isotype-matched Ab was used as

a negative control for each sample and primer set. Recruitment of GATA3 to the IL-13 promoter was examined via ChIP (A). Histone modifications

(permissive H3K4me3 and repressive H3K27me3), recruitment of the RNA Pol II complex (Pol II), and recruitment of the Pol II initiation complex (Pol

IIpCTD) were also examined (B–E). ChIP was coupled with qPCR using primers specific for the core promoter regions (-500 relative to the transcription

start site) of IL-13 (A, B), IFN-g (C), GATA3 (D), and T-bet (E). Data were calculated using the percentage total genomic input method. Data represent the

mean6 SEM from three independent experiments (n = 10–12). Statistical significance was calculated using the Mann–Whitney U and/or t tests, *p, 0.05,

**p , 0.01.
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different roles at the stages of CD8+ T cell differentiation and
activation. IL-4 alone was sufficient to alter lineage-specific
transcription factor levels during CD8+ T cell differentiation,
poising these cells to produce cytokines after TCR engagement.
We observed IL-4–induced epigenetic programming of CD8+

T cells that poised the IL-13 locus for transcription after TCR
restimulation in vitro or after adoptive transfer and allergen
challenge in vivo (28, 29, 47). H3K4me3 at the GATA3 and IL-13
promoters was dependent on IL-4 treatment and occurred in the
absence of TCR restimulation, whereas H3K4me3 histone mod-
ifications at the T-bet and IFN-g promoters were not regulated by
IL-4. Interestingly, loss of the repressive histone mark H3K27me3

was observed at the GATA3, IL-13, T-bet, and IFN-g promoters
in CD8+ T cells recovered after adoptive transfer in vivo. How-
ever, only the GATA3 promoter exhibited a significant loss of
H3K27me3 in the parallel in vitro comparisons, IL-2 versus IL-2
+IL-4 and TCR restimulation. Addition of IL-4 in the absence of
TCR restimulation did result in significant loss of the repressive
H3K27me3 mark at the GATA3, IL-13, and T-bet promoters, but
not at the IFN-g promoter. The differences observed between the
in vivo and in vitro histone modification patterns likely reflect the
inherent complexities of in vivo inflammation, which is charac-
terized by multiple cytokine pathways and other microenviron-
ment signals. It is interesting to note that although the IFN-g
promoter remained intransigent to the effects of IL-4 in vitro,
maintenance of permissive and loss of repressive histone marks
in vivo suggested plasticity of CD8+ T cell effector function in the
in vivo setting. Nevertheless, the in vivo and in vitro data dem-
onstrated that IL-4 alone, in the absence of TCR restimulation,
resulted in epigenetic poising of the IL-13 locus through gain of
permissive and loss of repressive histone modifications, which was
coregulated with recruitment of Pol II (48).
IL-4 was also required for GATA3 expression in CD8+ T cells,

and we observed an IL-4–dependent recruitment of GATA3 pro-
tein to the IL-13 promoter. In a previous study of in vitro–polar-
ized CD4+ T cells, GATA3 binding throughout the genome was
dependent on lineage development, was associated with histone
modifications, and was not always associated with transcriptional
changes (32). Monitoring the stepwise CD8+ T cell skewing re-
ported in this article, we observed that IL-4–mediated GATA3
promoter recruitment coincided with histone modifications and
Pol II recruitment, but was temporally separated from the en-
hancement of IL-13 transcription and protein production. A
SIINFEKL TCR stimulus was required for IL-13 protein produc-
tion, but interestingly, GATA3 was not associated with the IL-13
promoter during the TCR restimulation stage of the in vitro sys-
tem. This observation required application of the staged in vitro
system and could not have been made with end-point in vitro
polarized cells or in vivo recovered, differentiated cells, given
the complexity of the interactions. Wei et al. (32) demonstrated
that the activity of GATA3 at a gene-specific level was dependent
on the lineage-identity of CD4+ T cells. Their study revealed that
the specific GATA3 genomic binding loci differed greatly between
Th1, Th2, Th17, and inducible regulatory T cells, and that the
binding of GATA3 to a specific gene locus was not always asso-
ciated with a change in transcription (32). As expected, deletion of
GATA3 did affect gene expression in their study, but none of the
genes regulated by GATA3 was shared among any of the CD4+

T cell lineages (32). In contrast, GATA3 did regulate methylation
of the histone lysines H3K4 and H3K27 at many of its gene tar-
gets, including IL-13, T-bet, and IFN-g in CD4+ T cells (32).
Evaluation of similar events using the staged in vitro system en-
abled the demonstration that GATA3 activity is also dependent on
the temporal activation phase of T cells, albeit with the recogni-

tion that Tc1 and Tc2 CD8+ T cell lineages were examined.
Similar to CD4+ T cells, the binding of GATA3 at the IL-13 locus
in CD8+ T cells did correspond with changes in histone methyl-
ation. Binding of GATA3 was associated with significantly en-
hanced permissive H3K4me3 and significantly decreased repressive
H3K27me3 histone marks at the IL-13 locus in CD8+ T cells treated
with IL-4. However, during the TCR restimulation stage, when
GATA3 was no longer associated with the IL-13 promoter, only
the enhanced H3K4me3 permissive mark remained significant.
This may imply that in CD8+ T cells, the presence of GATA3 is
required for the inhibition of repressive H3K27me3 but is not re-
quired for sustaining the permissive H3K4me3 mark. Thus, en-
hanced IL-13 transcription and protein production in CD8+ T cells
were temporally associated with sustained permissive H3K4me3,
but not necessarily sustained loss of repressive H3K27me3. We
propose a model in which IL-4–mediated GATA3 recruitment
regulates histone modifications at the promoter, which then poise
the IL-13 locus for transcription after a TCR stimulus. In the
absence of IL-4, GATA3 was not recruited to the IL-13 promoter,
and subsequently, TCR restimulation did not result in cytokine
production. As a result, an allergic inflammatory lung microen-
vironment containing IL-4 supports asthma pathogenesis through
epigenetically poising CD8+ T cells for Tc2 conversion via dif-
ferential histone modifications at key promoters. Our observations
indicate that the Tc2 pathway requires an extrinsic stimulus, IL-4,
whereas the Tc1 pathway may represent a default pathway, be-
cause addition of IL-4 did not greatly affect the histone mod-
ifications at T-bet or IFN-g. This represents an obvious difference
from the Th2 lineage pathway characterized by GATA3-mediated
epigenetic repression of T-bet and IFN-g in CD4+ T cells (32),
emphasizing the cell-type–intrinsic activities of GATA3 and his-
tone modifications. This may also suggest that Tc2 conversion as
observed in this study reflects functional plasticity in the gain of
an epigenetically permissive IL-13 locus rather than a permanent
repression of the IFN-g locus. Further understanding of the mo-
lecular mechanisms by which IL-4 and GATA3 regulate the
plasticity and/or stable conversion of CD8+ T cells should suggest
novel therapeutic strategies and new targets for the treatment of
asthma.
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Figure Legends 

 

Figure S1. Experimental protocols. (A) Protocol for differentiation of CD8+ T cells in IL-2 or 

IL-2+IL-4 in vitro. (B) CD8+ T cells differentiated in IL-2+IL-4 were transferred into sensitized 

CD8-deficient mice followed by challenge. (C) Anti-mouse IL-4 or rat IgG was given 

intravenously to CD8-deficient mice beginning two days before the first challenge for five 

consecutive days. 

 

Figure S2. Kinetics of IL-4 receptor and IL-5 receptor expression on CD8+ T cells 

differentiated in IL-2 or IL-2+IL-4 in vitro. (A) IL-4 receptor expression on CD8+ T cells 

differentiated in IL-2 or IL-2+IL-4 on days 0, 2, and 4. (B) IL-5 receptor expression on CD8+ T 

cells differentiated in IL-2 or IL-2+IL-4 on days 0, 2, and 4. The data shown are representative of 

at least 4 independent experiments (n=16).   

 

Figure S3. The expression of Eomes in CD8+ T cells differentiated in IL-2 or IL-2+IL-4. 

Intracellular staining of Eomes in CD8+ T cells differentiated in IL-2 or IL-2+IL-4 with or 

without SIINFEKL re-stimulation. The data shown are representative of at least 3 independent 

experiments (n=12). 

 

Figure S4. ChIP-PCR analysis of GATA3 binding capability in the IL-13 promoter. 

Recruitment of GATA3 to the IL-13 promoter was examined via ChIP-PCR. Four groups of 

stimulated CD8+ T cells were analyzed for the anti-GATA3 IP: IL-2 alone, IL-2+IL-4, IL-

2+SIINFEKL (TCR stimulus), IL-2+IL-4+SIINFEKL. The ChIP isolated genomic DNA was 
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