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T-bet plays a critical role in controlling
IFN� expression, Th1 polarization, and
CD8 cytolytic development. Its regulation
has been demonstrated to be mostly IFN�/
Stat1 dependent while IL-12/Stat4 inde-
pendent. Here we show that IL-12/Stat4
binds to a distant highly conserved STAT-
responsive T-bet enhancer, and induces

IFN�/Stat1-independent T-bet expression
in CD8 T cells. Luciferase reporter assay
showed that both Stat4 and Stat1 activate
reporter gene expression from constructs
containing a wild-type but not mutated
T-bet enhancer. Studies in virus-infected
mice demonstrated that the IL-12/Stat4/T-
bet cascade operates in vivo and regu-

lates IFN� in CD8 T cells. Together, we
provide a novel mechanism for T-bet regu-
lation, and suggest that IL-12/Stat4/T-bet
play an important role in CD8 effector
responses. (Blood. 2007;110:2494-2500)

© 2007 by The American Society of Hematology

Introduction

T-box expressed in T cells (T-bet), a member of the T-box family of
transcription factor genes, was first identified from a Th1-cell cDNA
library as a Th1-specific transcription factor,1 and was also cloned as
Tbx21.2 Analysis of T-bet–deficient mice has shown that CD4 T cells
lacking T-bet are severely impaired in their ability to produce IFN�,
susceptible to Leishmania major infection, and have a marked in vivo
shift of the Th1/Th2 balance toward the Th2 pathway.3-5 These findings
demonstrate a central role for T-bet in governing IFN� expression and
Th1 development in CD4 T cells. In addition to its critical role in CD4
T-cell differentiation, T-bet has also been demonstrated to play important
roles in regulating IFN� and cytotoxic T lymphocyte (CTL) activities in
CD8 T cells.6-8 It binds directly to the promoters of perforin and
granzyme B9, and dominant negative T-bet abolishes IFN� production
and CTL function in CD8 T cells.10

T-bet was initially suggested to be induced by IL-12/Stat4
signals,1,11 but later investigation demonstrated that it is regulated
by IFN�/Stat1.12-14 The molecular mechanism by which IFN�/
Stat1 directs T-bet expression remains unclear. Other signaling
pathways have also been demonstrated to regulate T-bet. For
example, IL-15 up-regulates T-bet expression in natural killer (NK)
cells, and Stat4�/�-deficient NK cells have a significant defect in
T-bet induction by IL-12 and IL-18.9 Very recently, it has been
shown that retroviral-mediated Stat4 expression in CD4 T cells
induces Stat1-independent T-bet expression.15 In addition to being
positively regulated, T-bet has been shown to be negatively
regulated by TGF�, the Th2 transcription factor GATA3, and the
Tec family tyrosine kinase Itk.15-19

Little is known how T-bet is regulated in CD8 T cells. By
studying T-bet regulation in CD8 T cells during the early stage of
activation, we found that IL-12/Stat4 efficiently induces IFN�/Stat1-
independent T-bet transcription. Chromatin immunoprecipitation
assays uncovered a novel conserved T-bet enhancer, residing 13 kb
upstream of the T-bet coding region, which responds to both

IL-12/Stat4 and IFN�/Stat1 signals. Our studies identified a novel
T-bet enhancer and provide a new molecular basis for T-bet
regulation by IL-12/Stat4 and IFN�/Stat1.

Materials and methods

This study was approved by the institutional review board of Mount Sinai
School of Medicine and informed consent was obtained in accordance with
the Declaration of Helsinki. Animals involved in the research reported in
this paper were done with approval from the IACUC.

Mice

BALB/c, C57BL/6, OT-1 transgenic mice specific for OVA257-264, Stat4 KO
(BALB/c background), T-bet KO (BALB/c background), IFN� KO (C57BL/6
background), and IFN�R KO (C57BL/6 background) mice were purchased from
The Jackson Laboratory (Bar Harbor, Maine). Stat1 KO (129S6 background) and
129S6 control mice were purchased from Taconic (Germantown, NY).

Reagents

Recombinant mouse cytokines IL-12 and IFN� were purchased from BD
Pharmingen (San Diego, CA); anti-CD3, FITC-labeled anti-CD4, FITC-
labeled anti-B220, FITC-labeled anti-CD8, PE-labeled anti-CD8, PE-Cy5-
anti-CD44, anti-CD28, and anti-IFN� mAbs were purchased from BD
Pharmingen. IFN� and IFN� were purchased from PBL Biomedical
Laboratories (Piscataway, NJ). CD4 and CD8 MicroBeads were purchased
from Miltenyi Biotech (Auburn, CA). Ovalbumin peptides (OVA257–264)
were purchased from American Peptide (Sunnyvale, CA). Antibodies to
phosphorylated Stat1, phosphorylated Stat4, and Stat4 were from Zymed
Lab (South San Francisco, CA); anti–T-bet Abs (H-210) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA); and anti-Stat1 Abs and
chromatin immunoprecipitation (ChIP) assay kit were purchased from
Upstate Group (Lake Placid, NY). Mouse Stat4 was amplified by reverse-
transcription–polymerase chain reaction (RT-PCR) and cloned into
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pcDNA3.1-expressing vector (Invitrogen, Carlsbad, CA), and human Stat1
or Stat4 expression plasmids were purchased from Panomics (Fremont,
CA). An expressing vector for JAK220 was provided by Dr L Rui
(University of Michigan, Ann Arbor, MI). AdV-GFP gene transfer vectors
were amplified by our vector core facility and have been used previously.21

P32-dCTP was purchased from PerkinElmer (Boston, MA). EL-4 and NK92
cells were purchased from the ATCC (Manassas, VA), and U3A cells were
maintained as previously described.22,23

Cell culture

Single cell suspensions were prepared from spleen or lymph node by
filtering through nylon mesh (40-�m diameter). CD4 and CD8 T cells were
positively selected by using CD4� or CD8� MicroBeads or sorted by Moflo
(Cytomation, Denver, CO) after staining with FITC-anti-CD4, PE-anti-
CD8, and PE-Cy5-anti-CD44, seeded into 96-well round-bottom plates
coated with anti-CD3 mAb (5 �g/mL) at 4 � 104 cells/well, then further
activated with soluble anti-CD28 mAb (1 �g/mL), with various cytokines
as indicated. For antigen-presenting cell (APC)–dependent assays, B cells
were purified by cell sorting after staining with FITC-anti-B220 (after
sorting, cell purity is about 98%), and treated with mitomycin C (50 �g/mL;
Sigma, St Louis, MO), for 50 minutes at 37°C. Purified OT1 CD8� T cells
(2 � 104) and mitomycin C–treated B cells (104) were incubated with OVA
peptides (5 �g/mL) in round-bottom 96-well plates with cytokines for
various times as indicated. Human CD8 T cells were purified with human
CD8� MicroBeads (Miltenyi Biotech) from healthy human donors.

Western blotting

Protein extracts were prepared and concentrations were determined as
previously described.24 Proteins were then separated by 7.5% SDS-
polyacrylamide; transferred to polyvinylidene difluoride membranes; probed
with antiphosphorylated Stat4 (1:200 dilution), anti-Stat4 (1:500 dilution),
antiphosphorylated Stat1 (1:250 dilution), anti-Stat1 (1:500 dilution), or
anti-T-bet (1:200); subsequently incubated with HRP-conjugated anti–
rabbit IgG; and detected by the enhanced chemiluminescence system
(Amersham, Piscataway, NJ).

Quantitative RT-PCR

Total RNA was extracted from purified cells with TRIzol solution (Invitro-
gen). Reverse transcription was carried out using the Omniscript reverse-
transcription system (Qiagen, Hilden, Germany) and random primers.
Quantitative PCR was performed with the LightCycler system (Roche,
Mannheim, Germany) and the SYBR Green PCR kit (Qiagen). All
experiments were done at least 3 separate times, and expression of specific
genes was normalized and expressed as percentage relative to housekeeping
genes (cyclophilin A or GAPDH).

Chromatin immunoprecipitation (ChIP) and eletrophoretic
mobility shift assay (EMSA)

ChIP was performed according to the manufacturer’s protocol. To identify Stat4-
or Stat1-binding sites, CD4 or CD8 T cells were purified and stimulated with
anti-CD3 plus anti-CD28 mAbs, with or without IL-12 or IFN� for 24 hours.
Cells were then cross-linked with formaldehyde, sonicated to obtain genomic
DNA fragments between 500 to 1000 bp, immunoprecipitated with anti-Stat4 or
anti-Stat1 Abs, cross-linking reversed by high-salt solution, and DNA purified,
and real-time PCR was performed. Twenty pairs of primers were used. All
experiments were done at least 3 separate times. EMSAs were performed as
previously described25 with oligonucleotide probes based on 2 STAT-binding
sites within the distal T-bet enhancer region (probe A: sense strand, CCC AGC
TTC GAG GAAACA, antisense strand,AGG TGTTTC CTC GAAGCT; probe
B: sense strand, CTC CTT TTA GCG GAA AGC, antisense strand, CTC GCT
TTC CGC TAA AAG; mutated A, sense strand, CCC AGC AAC GAG GAA
ACA, antisense strand, AGG TGT TTC CTC G[b]TT GCT; mutated B, sense
strand, CTC CTT AAAGCG GAAAGC, antisense strand, CTC GCTTTC CGC
T[b]TT AAG), and a potential STAT-binding site located 940-bp upstream of the
transcription initiation site (probe C, sense strand, CCG TAG TTA TTG GAA
TAG, antisense strand, GTT CTATTC CAATAA CTA).

Luciferase reporter assay

Various T-bet enhancer regions were amplified from BALB/c mouse
genomic DNA by PCR with primers carrying restriction sites for NheI and
BglII, and cloned into a TransLucent reporter vector containing a minimal
TA promoter and the TATA box from the herpes simplex virus thymidine
kinase promoter (Panomics). Wild-type (sense, GCT AGC TTT TCC CAG
CTT CGA GGA AAC ACC TCC TTT TAG CGG AAA GCG AGA TGG
AGA TCT, antisense, AGA TCT CCA TCT CGC TTT CCG CTA AAA
GGA GGT GTT TCC TCG AAG CTG GGAAAA GCT AGC) and mutated
(A instead of T, mutant 1: sense, GCT AGC TTT TCC CAG C[b]AA CGA
GGA AAC ACC TCC TTT TAG CGG AAA GCG AGA TGG AGA TCT,
antisense, AGA TCT CCA TCT CGC TTT CCG CTAAAA GGA GGT GTT
TCC TCG TTG CTG GGA AAA GCT AGC; mutant 2: sense, GCT AGC
TTT TCC CAG CTT CGA GGAAAC ACC TCC TT[b]AAAG CGG AAA
GCG AGA TGG AGA TCT, antisense, AGA TCT CCA TCT CGC TTT
CCG CT[b]T TAA GGA GGT GTT TCC TCG TTG CTG GGA AAA GCT
AGC; mutant 3: sense, GCT AGC TTT TCC CAG C[b]AA CGA GGA
AAC ACC TCC TT[b]A AAG CGG AAA GCG AGA TGG AGA TCT,
antisense, AGA TCT CCA TCT CGC TTT CCG CT[b]T TAA GGA GGT
GTT TCC TCG TTG CTG GGA AAA GCT AGC) T-bet enhancer
oligonucleotides were synthesized, annealed, and cloned into reporter
vectors. HeLa cells were transfected with various constructs, treated with
human IFN� (100 ng/mL) for 24 hours, and luciferase activities were
measured with Luciferase assay kit (Promega, Madison, WI) according to
the manufacturer’s protocol and normalized to background activity from
TA-Luc control (Panomics). For cotransfection experiments, HeLa, U3A,
or EL-4 cells were transfected with JAK2, with or without Stat1- or
Stat4-expressing plasmids, in combination with various reporter constructs.
Twenty-four hours after transfection, luciferase activities were measured
and normalized to TA-Luc control reporter.

Results

IL-12 induces Stat1-independent T-bet expression
in CD8 T cells

We first examined how IL-12 and IFN� regulate T-bet in CD8 T cells
during the early period of activation. Purified CD8 T cells were
stimulated with plate-bound anti-CD3 mAbs (5 �g/mL) plus soluble
anti-CD28 mAbs (1 �g/mL), with or without IL-12 or IFN� for 3, 24,
and 72 hours, and T-bet expression was measured by real-time RT-PCR.
As shown in Figure 1A, anti-CD3 plus anti-CD28 mAbs induce rapid
T-bet expression in CD8 T cells as early as 3 hours after stimulation, and
neither IL-12 nor IFN� affect TCR-induced immediate T-bet expres-
sion. The early T-bet expression induced by TCR stimulation declines
24 hours after stimulation, and exogenous IFN� treatment does not
increase or sustain this early T-bet expression. Interestingly, there are
significantly higher levels of T-bet expressed in the IL-12 treatment
group 24 and 72 hours after stimulation. Since Stat4 activation is crucial
for IL-12 signal transduction and biologic functions,26 we performed
similar experiments on Stat4-deficient CD8 T cells. We observed that
Stat4 deficiency in CD8 T cells does not diminish TCR-mediated T-bet
expression at 3 hours after stimulation, indicating that Stat4 does not
play a role in TCR-induced immediate T-bet expression. However, at 24
or 72 hours after stimulation, IL-12 is no longer able to enhance T-bet
expression in Stat4-deficient cells, indicating that up-regulation of T-bet
by IL-12 requires Stat4 (Figure 1B). Similar results were obtained when
OT1 transgenic CD8 T cells were stimulated with purified B cells as
APCs loaded with OVA257-264 peptides (Figure 1C), indicating that
IL-12 also enhances T-bet expression in CD8 T cells stimulated by
antigenic peptides. To further test whether IL-12–mediated T-bet
induction is dependent on IFN�/IFN�R/Stat1 signals, IFN�-deficient,
IFN�R-deficient, and Stat1-deficient CD8 T cells were used. As shown
in Figure 1D, IFN�, IFN�R, or Stat1 deficiency do not abolish
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IL-12–mediated T-bet expression. Western blotting of T-bet expression
on wild-type or Stat1-deficient CD8 T cells further demonstrated that
IL-12 induces IFN�/Stat1-independent T-bet expression in CD8 T cells
(Figure 1E).

Sustained Stat4 activation is associated with T-bet induction

In addition to IL-12, IL-23 and type 1 IFNs (IFN� and IFN�) also
activate Stat4.27,28 To further investigate the role of Stat4 activation for
CD8 T-bet regulation, we treated purified CD8 T cells with anti-CD3
plus anti-CD28 mAbs in combination with various cytokines (10 ng/mL).
Real-time RT-PCR showed that only IL-12 but not IL-18, IL-23, IFN�,

or IFN� induces T-bet expression after 24 hours of stimulation (Figure
2A). Western blotting for Stat4 activation at 30 minutes after stimulation
showed that IL-18 and IL-23 do not induce much Stat4 phosphorylation
(Figure 2B), suggesting that their failure to induce T-bet is likely due to
their inability to induce Stat4 activation in CD8 T cells. On the contrary,
IFN� and IFN� induce much greater Stat4 phosphorylation than IL-12
in CD8 T cells (Figure 2B), despite the fact that they fail to induce T-bet
(Figure 2A). To determine if the failure to induce T-bet by IFN� and
IFN� may be due to their inability to sustain Stat4 activation compared
with IL-12, Western blotting was performed 24 hours after stimulation.
As shown in Figure 2C, IL-12, but not IFN� or IFN�, maintains Stat4
phosphorylation at 24 hours after stimulation. These data suggest that
sustained Stat4 activation is associated with T-bet induction in CD8 T
cells.

IL-12/Stat4 signals are differentially regulated in CD8
and CD4 T cells

We next investigated if IL-12/Stat4-regulated early T-bet expression in
CD8 but not CD4 T cells is due to differential IL-12/Stat4 activation.
Purified CD8 and CD4 T cells were treated with IL-12 for 15 minutes,
without anti-CD3 plus anti-CD28 mAb stimulation. As shown in Figure
3A, IL-12 fails to induce measurable Stat4 activation in either CD8 or
CD4 T cells, likely due to the fact that naive T cells do not express much
IL-12R�2, which is pivotal for IL-12/Stat4 signaling.29,30 When cells are
stimulated with IL-12 in combination with TCR, IL-12 induces low and
comparable Stat4 activation in both CD8 and CD4 T cells at 3 hours
after TCR activation. However, at 24 hours after stimulation, IL-12
induces a much stronger Stat4 activation in CD8 than in CD4 T cells
(Figure 3A), demonstrating there is differential IL-12/Stat4 signaling
comparing CD8 with CD4 T cells. We next examined if differential
Stat4 responses stimulated by IL-12 are due to differential IL-12R�2
regulation. Flow cytometric analysis failed to quantitate any meaningful
IL-12R�2 expression in either naive or activated CD8 T cells within
24 hours of stimulation (not shown). We used real-time RT-PCR to
measure IL-12R�2 expression.As shown in Figure 3B, both naive CD8
and CD4 T cells express very little IL-12R�2. After stimulation for
3 hours, IL-12R�2 is up-regulated by TCR in both CD8 and CD4 T
cells, but it is more highly up-regulated in CD8 than CD4 T cells (9-fold
vs 2-fold), and exogenous IL-12 or IFN� has little effect on TCR-
mediated IL-12R�2 up-regulation. At 24 hours after stimulation,
IL-12R�2 expression declines somewhat, but is still expressed at higher
levels in CD8 compared with CD4 T cells. Furthermore, IL-12 treatment
enhances IL-12R�2 expression in CD8 but not CD4 T cells (Figure 3B).
These data correspond with the Western blotting data for Stat4 activation
(Figure 3A), suggesting that differential IL-12R�2 regulation between
CD8 and CD4 T cells contributes to differential IL-12/Stat4 signaling.

Figure 1. IL-12 induces IFN�-independent T-bet expression in CD8 T cells. Cells
(5 � 105/mL) were stimulated, and real-time PCR for T-bet expression was normal-
ized and expressed as percentage relative to cyclophilin A. (A) BALB/c CD8 T cells
were stimulated by anti-CD3 plus anti-CD28 mAbs in combination with IL-12 or IFN�
for 3, 24, or 72 hours. (B) Stat4-deficient CD8 T cells were used. (C) OT1 CD8 T cells
were stimulated with OVA peptide (5 �g/mL) and purified B cells as APCs in
combination with IL-12 or IFN� for 3, 24, or 72 hours. (D) C57BL/6 wild-type,
IFN�-deficient, IFN�R-deficient, or Stat1-deficient CD8 T cells were stimulated with
anti-CD3 plus anti-CD28 mAbs in combination with IL-12 or IFN� for 24 hours.
(E) Western blotting of T-bet expression was performed on wild-type or Stat1-
deficient CD8 T cells stimulated with anti-CD3 plus anti-CD28 mAbs in combination
with IL-12 or IFN� for 24 hours. Data shown are one representative of 3 independent
experiments; standard errors of PCR triplicates are shown.

Figure 2. Sustained Stat4 activation is associated
with T-bet induction. (A) BALB/c CD8 T cells were
stimulated with anti-CD3 plus anti-CD28 mAbs, in combina-
tion with indicated cytokines (10 ng/mL each) for 24 hours,
and real-time RT-PCR was used to measure T-bet expres-
sion. Data shown are one representative of 3 independent
experiments; standard errors of PCR triplicates are shown.
(B) Western blotting for Stat4 activation. BALB/c CD8 T cells
were stimulated with anti-CD3 plus anti-CD28 mAbs plus
the indicated cytokines for 30 minutes. Antiphosphorylated
Stat4 or anti-Stat4 Abs were used for Western blotting. (C)
IL-12 but not IFN� or IFN� induces sustained Stat4 activa-
tion at 24 hours after stimulation. CD8 T cells were stimu-
lated with anti-CD3 plus anti-CD28 mAbs, with or without
IL-12, IFN�, or IFN�. Data shown are one representative of
3 independent experiments; standard errors of PCR tripli-
cates are shown.
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Identification of a distant STAT-responsive T-bet
regulatory region

The chromatin immunoprecipitation (ChIP) assay–based genomic array
has been used to identify potential targets for specific transcription
factors.9,31 We next used it to identify T-bet promoters/enhancers with
the potential to bind Stat4 and/or Stat1. The T-bet gene consists of
6 exons and is located on chromosome 11D within a genomic region
spanning 43 823 bp from 8529064 to 8485242 (GenBank; NCBI). We
focused on the upstream 5�-flanking region of exon 1 (beyond position
8515805, about 14 kb total). For every 500- to 600-bp interval, we
constructed a pair of primers for real-time PCR to amplify 150-bp
fragments. These real-time PCR primers and their amplified fragments
served as tags to locate specific regions of the T-bet locus (Figure 4A).
A total of 20 primer pairs were synthesized, and primer specificity was
checked by conventional PCR on C57BL/6 genomic DNA (data not
shown). Purified CD8 or CD4 T cells were stimulated with anti-CD3
plus anti-CD28 mAbs, with or without IL-12 for 24 hours. As shown in
Figure 4B, there was more than a 30-fold enrichment by IL-12 for a
Stat4-associated sequence located 13-kb upstream of the T-bet coding
sequence in CD8 T cells (primer pair no. 17), while there is very little
enrichment in CD4 T cells, indicating that IL-12–activated Stat4 binds
to this region in CD8 T cells after 24 hours of stimulation. Since
IFN�-deficient T cells are very sensitive to exogenous IFN� in T-bet
regulation (Figure 1D), we used IFN�-deficient CD8 or CD4 T cells to
perform ChIP assay to identify potential binding sites for Stat1, and
determine if Stat1 may bind to the same region as Stat4. As shown in
Figure 4C, the ChIP assay showed there is about a 4-fold enrichment in
both CD8 and CD4 T cells for the same sequence identified for Stat4
binding, indicating that this region interacts with both IL-12–stimulated
Stat4 and IFN�-stimulated Stat1. It should be noted that the lesser
enrichment of this region by IFN�/Stat1 compared with IL-12/Stat4
does not necessarily mean that Stat1 binds to the enhancer less
efficiently or avidly than Stat4, since it is possible that anti-Stat1
antibodies are less efficient then anti-Stat4 antibodies for the ChIP
assay.

Sequence analysis of the T-bet gene region between primer pairs no.
16 and no. 18 located 2 potential STAT-binding motifs, TTCGAGGAA
and TTAGCGGAA, separated by 10 base pairs (Figure 4D), matching
the characteristics of STAT-responsive elements.32-35 GenBank blasts

using sequences near these 2 potential Stat4-binding sites (about 50 bp)
resulted in identification of an almost identical 150-bp sequence (Figure
4C) in human chromosome 17 located upstream of TBLYM (human
T-bet gene), further suggesting this region may play an important role in
T-bet regulation. Using purified human CD8 T cells treated with human
anti-CD3 plus anti-CD28 mAbs, in combination with human IL-12 or
IFN�, also demonstrated that IL-12 induces human T-bet expression
(Figure 4E). Anti-IFN� antibodies do not affect IL-12–mediated
T-bet induction, suggesting that human T cells may use similar
mechanisms for IL-12–dependent, IFN�-independent T-bet
induction.

Stat4 and Stat1 transactivate reporters through STAT-binding
elements of T-bet enhancer

To determine if these 2 STAT-binding sites interact with IL-12–activated
Stat4, EMSA experiments were performed. We first used the NK92 cell
line that responds to IL-12 for Stat4 activation. As shown in Figure 5A,

Figure 3. IL-12/Stat4 signals are differentially regulated in CD8 and CD4 T cells.
(A) Western blotting for Stat4 activation in CD4 and CD8 T cells. BALB/c CD4 and
CD8 T cells were stimulated with IL-12 for 15 minutes, without anti-CD3 plus
anti-CD28 mAb stimulation, or stimulated with IL-12 in combination with anti-CD3
plus anti-CD28 mAbs for 3 hours or 24 hours. (B) Real-time RT-PCR for IL-12R�2
expression. CD4 or CD8 T cells were stimulated with anti-CD3 plus anti-CD28 mAbs,
with or without IL-12 or IFN� for 3 or 24 hours. Data shown are one representative of
3 independent experiments; standard errors of PCR triplicates are shown.

Figure 4. Identification of a conserved distant T-bet enhancer region. (A) ChIP
assay–based genomic scanning. Twenty primer pairs were used for these experi-
ments. (B) Sequences precipitated by anti-Stat4 mAbs. Purified CD8 and CD4 T cells
were stimulated with anti-CD3 plus anti-CD28 mAbs, with or without IL-12 for
24 hours, and ChIP assays were performed with anti-Stat4. Sequences of T-bet
regulatory regions precipitated by anti-Stat4 were quantitated by real-time PCR. Data
are expressed as the ratio of TCR/IL-12–mediated to TCR alone–mediated enrich-
ments. (C) Sequences precipitated by anti-Stat1 mAbs. Purified IFN�-deficient CD4
and CD8 T cells were stimulated with anti-CD3 plus anti-CD28 mAbs, with or without
IFN� (10 ng/mL) for 24 hours, and ChIP assays were performed with anti-Stat1.
Sequences of T-bet regulatory regions precipitated by anti-Stat1 were quantitated by
real-time PCR. Data are expressed as the ratio of TCR/IFN�-mediated to TCR
alone–mediated enrichments. (B,C) Data shown are the means plus or minus SD
from 3 independent experiments. (D) Alignment of mouse and human T-bet
enhancer. Nucleotides differing between mouse and human are boxed. Potential
STAT-binding motifs TTCGAGGAA and TTAGCGGAA are underlined. (E) IL-12 also
induces IFN�-independent T-bet in human CD8 T cells. Human CD8 T cells were
stimulated with anti-CD3 plus anti-CD28 Abs, with or without anti-IFN� Abs, in
combination with human IL-12 or human IFN�. T-bet expression was normalized and
expressed as percentage relative to GAPDH. Data shown are one representative of
3 independent experiments; standard errors of PCR triplicates are shown.

A NOVEL ENHANCER FOR T-bet REGULATION 2497BLOOD, 1 OCTOBER 2007 � VOLUME 110, NUMBER 7

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/110/7/2494/483670/zh801907002494.pdf by guest on 24 M

ay 2024



site A (A) binds to IL-12–activated Stat4, while the mutated site A (mA)
does not. DNA-binding complex was competed by unlabeled probe but
not mutated probe, and abolished by anti-Stat4 but not anti-Stat1
antibodies. Similar results were obtained for site B (not shown). EMSAs
in CD8 T cells 24 hours after stimulation also show IL-12–activated
Stat4 binds to site A, but not a potential STAT-binding site (probe C)
located 940-bp upstream of the transcription initiation site (Figure 5B);
similar results were obtained for site B (not shown). These findings
further demonstrate that IL-12–activated Stat4 binds to the enhancer
region in CD8 T cells. We next examined if the region we identified
responds to Stat1 or Stat4 to transactivate reporter gene expression. As
shown in Figure 5C, 5 separate constructs with or without the target
STAT-binding elements were cloned into the TransLucent reporter
vector containing a minimal TA promoter and the TATA box from the
herpes simplex virus thymidine kinase promoter (Panomics), with or
without the target STAT-binding elements. HeLa cells were transfected
with the various reporter constructs, and then treated with human IFN�
for 24 hours. As shown in Figure 5C, all constructs containing
STAT-binding elements respond to IFN� by inducing reporter gene
expression, while the constructs that do not contain STAT-binding sites
fail to respond to IFN�. To further determine if transactivation is
mediated through STAT-binding elements, a series of mutants were
generated. As shown in Figure 5D, mutating either binding site
significantly reduced reporter gene expression, and mutating both
STAT-binding elements abolished transactivation of the T-bet enhancer.
These results demonstrate that the identified region interacts with
IFN�-stimulated Stat1 through STAT-binding elements to transactivate
gene transcription. Since cotransfecting JAK2 with STAT molecules
allows them to be phosphorylated and subsequently gain DNA-binding
and transactivation activities,32 we performed cotransfection experi-
ments to determine how the T-bet enhancer responds to Stat4. To
exclude the potential for endogenous Stat1 to mask or interfere with
Stat4 activity, the T-bet enhancer reporter construct containing the fully
conserved region (construct no. 3) was cotransfected with a JAK2-
expressing vector20 in combination with human or mouse Stat4-

expressing plasmids into Stat1-deficient U3A cells.22,23 As shown in
Figure 5E, expression of JAK2 alone does not transactivate reporter
gene expression, while cotransfecting JAK2 with Stat4-induced reporter
gene expression in U3A cells, demonstrating that Stat4 transactivates
gene expression through the T-bet enhancer. The various reporter
constructs were also used in EL-4 cells. Similar to IFN�/Stat1-mediated
reporter expression in HeLa cells, only constructs with STAT-binding
motifs are significantly transactivated by JAK2 in combination with
Stat1- or Stat4-encoding plasmids (Figure 5F), further demonstrating
that the identified sequence specifically interacts with Stat1 and Stat4,
and has enhancer activity.

Adenovirus induces Stat4- but not Stat1-dependent CD8 T-bet
expression in vivo

Adenovirus (AdV) elicits strong CD8, CD4, and NK-cell responses
similar to many other viruses, and is widely used in gene therapy
and vaccination.36 We used AdV gene transfer vectors as a model to
investigate if the induction of CD8 T-bet by IL-12/Stat4 occurs in
vivo with a microbial stimulus. AdV vector was injected into the
hind footpad of BALB/c mice, which were killed after 1 or 3 days,
draining lymph nodes (LNs) were harvested, CD8 and CD4 T cells
were purified by flow cytometry, and real-time RT-PCR was
performed to measure T-bet expression. As shown in Figure 6A,
AdV administration induces T-bet expression in both CD8 and CD4
T cells. Stat1 deficiency abolishes AdV-induced T-bet expression in
CD4 T cells (Figure 6B) but not in CD8 T cells. When Stat4-
deficient mice were used, AdV failed to induce significant T-bet
expression in CD8 T cells, indicating a critical role for Stat4 in
regulating T-bet expression (Figure 6C). Stat4 deficiency also
significantly limited AdV-mediated T-bet induction in CD4 T cells,
which was anticipated, since IL-12/Stat4 signals play an important
role for regulating IFN� production in both APCs and CD4 T cells.
Thus the low level of IFN� production in Stat4-deficient mice
resulted in less T-bet expression in CD4 T cells, in contrast to

Figure 5. T-bet enhancer interacts with IL-12–activated Stat4
and transactivates reporter gene expression. (A). EMSA in
NK92 cells. Nuclear extracts were prepared from NK92 cells
treated with IL-12 for 15 minutes. A indicates site A within the
identified distal T-bet enhancer; mA, mutated site A. Competition
was performed with 10-, 100-, or 1000-fold unlabeled probe. Equal
amount of specific anti-Stat1 (S1) and anti-Stat4 Abs (S4) was
used for neutralization. (B) EMSA in CD8 T cells. Nuclear extracts
were prepared from cells 24 hours after stimulation. Site A
indicates the STAT-binding site within the identified distal T-bet
enhancer; site C, a potential STAT-binding site located 940-bp
upstream of the transcription initiation site. Equal amount of
specific anti-Stat1 (S1) and anti-Stat4 (S4) Abs was used for
neutralization. (C) T-bet enhancer constructs containing STAT-
binding motifs respond to IFN�/Stat1 by transactivating Luciferase
reporter expression. Total of 5 constructs were made. No. 1
contains 5� nearby region; no. 2 contains 3� nearby region; no. 3 is
the exact conserved region; no. 4 is the minimal conserved region
containing 2 potential STAT-binding motifs; and no. 5 is the
conserved region without STAT-binding motifs. HeLa cells were
transfected with the indicated constructs and treated with human
IFN� for 24 hours, and luciferase activities were measured.
(D) Point mutations were made, and reporter assays were per-
formed. (E) JAK2-mediated Stat4 activation induces reporter gene
expression. U3A cells were cotransfected with the conserved T-bet
enhancer region (construct no. 3, 100 ng), along with JAK2
(100 ng), in combination with mouse or human Stat4 (500 ng)
plasmids. (F) T-bet enhancer constructs containing STAT-binding
motifs respond to both Stat1 and Stat4. The indicated T-bet
enhancer reporter constructs were cotransfected with human
Stat1 or Stat4, along with JAK2 into EL-4 cells. (C-F) Data shown
are the means plus or minus SD from 3 independent experiments.
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exogenous IFN� in in vitro experiments that is fully capable of
stimulating these CD4 T cells. IFN� expression was also measured
by real-time RT-PCR. As shown in Figure 6D, Stat4-deficient or
T-bet–deficient CD8 T cells have highly impaired IFN� expression,
while Stat1-deficient and wild-type CD8 T cells have similar IFN�
responses, indicating that Stat4 and T-bet play important roles in
CD8 IFN� regulation in vivo. Together, these experiments demon-
strate that the IL-12/Stat4/T-bet cascade in CD8 T cells has
physiological importance in vivo.

Discussion

Diverse immune mechanisms have evolved to protect the host from a
vast array of pathogens, and CD8 T cells are key components of the
effector arm of the immune response. While the master role of T-bet in
regulating IFN� expression, type 1 immune responses, and its regulation
in CD4 T cells has been extensively documented, little is known about
how T-bet is regulated in CD8 T cells or its precise role in IFN�
production and CTL function. Here, we found that IL-12–mediated
Stat4 induces IFN�/Stat1-independent T-bet expression in CD8 T cells.
We showed that differential T-bet regulation by IL-12 in CD8 and CD4
T cells is due to differential IL-12/Stat4 signal regulation. We identified a
novel T-bet enhancer, and provided a molecular basis for T-bet regula-
tion. In addition, we observed that the IL-12/Stat4/T-bet cascade is
relevant in vivo and regulates IFN� expression in CD8 T cells during an
antiviral immune response.

Studies by Murphy and colleagues have been instrumental in
elucidating IL-12R�2 regulation and its role in governing IL-12
responsiveness during CD4 T-cell polarization (Afkarian et al,14

Presky et al,29 and Szabo et al30). Similar to naive CD4 T cells, we
found that naive CD8 T cells do not express IL-12R�2, and
consequently do not respond to IL-12 for Stat4 phosphorylation.
However, after TCR activation, IL-12R�2 is up-regulated to a
much higher level in CD8 than in CD4 T cells, resulting in strong
and sustained Stat4 activation (Figures 2,3). Sustained activation

may enable Stat4 to bind to the distal T-bet enhancer and induce
T-bet expression (Figure 4). Since the presence of even low levels
of IL-4 inhibits IL-12R�2 expression,30 and our previous data
showed that TCR activation leads to transient IL-4 production only
in CD4 but not CD8 T cells (Y.Y., unpublished data, July 2006), it is
possible that the initial presence of TCR-induced IL-4 in CD4 but
not CD8 T cells may determine differences in early IL-12R�2
expression, and subsequently determine IL-12–mediated differ-
ences in Stat4 activation and T-bet regulation.

STATs bind to a palindromic core DNAmotif TTCN2-4GAApresent
in cytokine-inducible genes,32-35 and the arrangement in pairs for the
STAT-binding motif allows the cooperative binding of 2 STATdimers,32,37

and the mismatch half site TTA instead of TTC is permissible.35 In this
report, we identified a conserved T-bet enhancer, which consists of
2 potential STAT-binding motifs TTCGAGGAA and TTAGCGGAA that
are 10 base pairs apart and match the characteristic STAT-responsive
elements. In vivo ChIP assay showed that this T-bet enhancer binds to
both IFN�-activated Stat1 and IL-12–activated Stat4 (Figure 4). EMSA
experiments showed that these STAT-binding motifs interact with
IL-12–activated Stat4. In vitro reporter assays further confirmed that this
site responds to Stat4 by transactivating a reporter gene (Figure 5). The
results demonstrated that the T-bet enhancer also responds to Stat1
(Figure 5), suggesting that the enhancer itself may not selectively
respond to Stat1 or Stat4, and upstream signaling cascades controlling
Stat1 or Stat4 activation determine how and when T-bet is activated.
Since NK and NKT cells are responsive to IL-12 but not IFN�, our
results may explain the previous finding that IL-12 is able to induce
T-bet mRNA in NK and NKT cells.9 It is currently not known how the
T-bet enhancer interacts with the proximal T-bet promoter as well as
other signaling molecules in directing T-bet gene transcription.Although
there is a potential STAT-responsive element TTATTGGAA located
940-bp upstream of the transcription initiation site, ChIP and EMSA
assays failed to detect interactions between this site and Stat4 after
stimulation (Figures 4 and 5B). Enhancer knockout mice will be needed
to define the precise role of the T-bet enhancer region, and how it may
affect Th1 development in CD4 T cells and CTL activity in CD8 T cells.

The role of T-bet in controlling IFN� expression of CD8 T cells
is less dominant than in CD4 T cells. T-bet is required for optimal
production of IFN� in CD8 T cells stimulated by antigenic stimuli,
but not for CD8 T cells stimulated with anti-CD3 plus anti-CD28
mAbs.7,38 In vivo studies showed that T-bet plays an important role
for IFN� production in CD8 T cells following lymphocytic
choriomeningitis virus (LCMV) infection, but not for primary
Listeria monocytogenes infection.6-8 Here, we found that T-bet
deficiency results in decreased IFN� expression in CD8 T cells
following AdV vector injection (Figure 6). The molecular mecha-
nisms that determine differential requirements for T-bet in IFN�
regulation in CD8 T cells activated by different types of antigenic
stimulation are currently not known. In addition to T-bet, CD8
T cells express another member of the T-box transcription factor
family, eomesodermin (Eomes, Tbr2), which plays complementary
roles to T-bet in regulating IFN� production and CD8 effector
development. It is possible that alternative requirements for T-bet
in IFN� regulation may be due to differential Eomes regulation in
CD8 T cells depending on the type of antigenic stimulation.

In agreement with our finding that AdV administration induces
Stat4- but not Stat1-dependent CD8 T-bet expression in vivo, it has
been recently showed that IL-12 positively regulates T-bet in
effector CD8 T cells during infection with Listeria monocyto-
genes.39 CD8 T cells from T-bet–deficient OT1 TCR transgenic
mice are markedly less efficient at killing peptide-loaded target

Figure 6. AdV induces Stat4- but not Stat1-dependent CD8 T-bet expression in
vivo. (A) AdV-GFP gene transfer vectors were injected into footpads of BALB/c mice.
On days 1 and 3, CD8 and CD4 T cells were purified from draining LNs, and real-time
RT-PCR was used to measure T-bet expression. (B) Real-time RT-PCR for T-bet
expression in CD8 and CD4 T cells from Stat1-deficient mice injected with AdV-GFP.
(C) Real-time RT-PCR for T-bet expression in CD8 and CD4 T cells from Stat4-
deficient mice injected with Adv-GFP. (D) Real-time RT-PCR for IFN� expression in
CD8 T cells from various strains injected with AdV-GFP.
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than wild-type CTLs, both in vitro and in vivo,7 and CD8-mediated
responses after LCMV infection or DNA vaccination are severely
compromised in T-bet–deficient mice.6 These findings all indicate
that the IL-12/Stat4/T-bet cascade is physiologically important.
The identification of a novel enhancer may provide a new target to
control CD8 effector responses.
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