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Background: Regardless of TH1/TH2 theory, CD41 T cells of
patients with allergic asthma, a typical TH2 disease, and those of
healthy subjects expressed equivalent levels of IFN-g, even
though TH2 cytokines were significantly upregulated in
asthmatic patients.
Objective: The mechanisms underlying distorted TH2 cell
polarization in human T cells were elucidated.
Methods: Cytokine-producing activity and the expression of
TH1/TH2–specific transcription factors in naı̈ve, TH1/TH2, or
both CD41 T cells derived from human peripheral and cord
blood were comparatively analyzed. The mechanisms of the
differential expression of T-box 21 transcription factor (T-bet)
in the cells were assessed by determining the chromatin
accessibility at the TBX21 gene. The functional roles of T-bet
and other transcription factors in human TH1/TH2
differentiation were further investigated.
Results: TH2 cells derived from naive CD41 T cells in
peripheral blood but not in cord blood produced IFN-g. T-bet
was expressed in peripheral, but not cord blood, resting naive T
cells. Consistently, the accessibility at the proximal TBX21 gene
promoter in peripheral naive T cells was higher than that in
cord blood naive T cells. IFN-g–producing activity was induced
in TH2-differentiated cord blood T cells by means of ectopic
expression of T-bet. In addition, a reduction of T-bet in
peripheral T cells suppressed IFN-g production. T-bet not only
upregulated IFN-g but also downregulated IL-4 and IL-13 gene
transcription, independently of the modification of TH1/TH2
balance.
Conclusion: The expression of T-bet at a naive stage is crucial
for the development of IFN-g–producing T cells in human
peripheral blood, even in TH2-related diseases. (J Allergy Clin
Immunol 2009;123:813-23.)
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CD41 T cells play a central role in immune responses. Among
the at least 4 currently recognized, distinct CD41 T-cell subsets
(ie, TH1, TH2, TH17, and regulatory T cells), TH1 and TH2 sub-
populations were identified about 2 decades ago and have been
extensively investigated thus far.1,2 TH1 cells specifically pro-
duce IFN-g, which controls cellular immunity, whereas TH2 cells
preferentially secrete IL-4, IL-5, and IL-13, which regulate hu-
moral immunity.2,3 Impairment of the TH1/TH2 balance has
been suggested to cause a variety of diseases. For example, accel-
eration of TH1 response is recognized in autoimmune diseases,
such as multiple sclerosis and rheumatoid arthritis, whereas ex-
cessive TH2 responses are observed in allergic diseases, includ-
ing allergic asthma and atopic dermatitis.2,3 This TH1/TH2
paradigm has led to the concept that immunotherapy converting
TH2 into TH1 responses should be effective for the treatment of
allergic diseases.4

However, the true nature of T-cell cytokine responses, espe-
cially in human diseases, is more complex than can be explained
by TH1/TH2 dichotomy.5 For example, bronchial biopsy speci-
mens from asthmatic patients are characterized by CD41 T cells
displaying TH2 cytokines,6 suggesting that allergic asthma is con-
sidered a representative TH2 disease. Nevertheless, although there
might be a reduced presence of TH1 cytokines,7,8 allergic asthma
is also associated with the presence of IFN-g. IFN-g can readily
be identified both as mRNA and protein in bronchoalveolar la-
vage fluid and biopsy specimens.6 ten Hacken et al9 showed
that increased serum IFN-g levels correlated with airway hyper-
responsiveness in asthmatic patients. In agreement with the obser-
vation that the asthmatic lung already contains a significant
amount of IFN-g, a clinical trial of IFN-g, at least in nebulized
form, failed to demonstrate the efficacy of this cytokine for the
treatment of allergic asthma.10 Therefore unlike murine cells, hu-
man CD41 T cells might be programmed to produce IFN-g, even
if they are differentiated into TH2 cells.

Although the reason for the inconsistency of the TH1/TH2 par-
adigm in human CD41 T cells has been poorly elucidated, neo-
nates are known to display immature immunity to infections,
partly because of poor TH1 responses.11,12 It has been demon-
strated that the IFN-g–producing activity of T cells in umbilical
cord blood was weaker than that in adult peripheral blood.13-15

In addition, differential expression of several intracellular signal-
ing molecules, including TH1- and TH2-specific transcription fac-
tors in cord blood and adult T cells, has been observed.12,16,17

Therefore detailed and comparative analysis of peripheral and
cord blood CD41 T cells is likely to be helpful for understanding
the mechanisms of the distorted TH2 differentiation in human
TH2-related diseases.
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Abbreviations used

EGFP: Enhanced green fluorescent protein

FITC: Fluorescein isothiocyanate

PE: Phycoerythrin

REA: Restriction enzyme accessibility

shRNA: Small hairpin RNA

STAT4: Signal transducer and activator of transcription 4

VSV-G: Vesicular stomatitis virus G glycoprotein

In accordance with previous findings, we here investigated the
increased expression of TH2 cytokines but not the downregulation
of IFN-g in CD41 T cells of patients with allergic asthma. The
significant IFN-g–producing property, even under TH2 condi-
tions, was specifically induced in peripheral, but not cord blood,
CD41 T cells. The mechanisms of the difference between periph-
eral and cord blood cells were analyzed in view of the expression
of TH1/TH2-specific transcription factors by means of Western
blotting and restriction enzyme accessibility (REA) assay. A cru-
cial role of T-box transcription factor (T-bet) in TH1/TH2 differen-
tiation was demonstrated in overexpression and knockdown
studies by using a lentivirus infection system, real-time RT-
PCR, and promoter reporter assay.

METHODS

Subjects
This study was performed according to the Declaration of Helsinki

principles and was approved by the Ethics Committee of the Tokyo Metro-

politan Institute of Medical Science, Tokyo Metropolitan Komagome Hospital

(Tokyo Japan), and Sagamihara National Hospital (Kanagawa, Japan). Thirty-

seven adult patients referred to the outpatient clinic in these hospitals (17 male

and 20 female patients; age [mean 6 SD], 47.9 6 18.9 years) were included in

this study. All subjects met the criteria of mild-to-moderate asthma according

to the ‘‘International consensus report on diagnosis and management of

asthma’’ and demonstrated at least a 20% improvement in FEV1.0 after b2-ag-

onist inhalation. The total serum IgE level was 652 6 728 IU/mL. Treatment

with b2-agonists, anticholinergics, and theophylline was stopped at least 12

hours before blood sampling. Patients receiving corticosteroids were excluded

from the study. Human umbilical cord blood was collected at the time of elec-

tive cesarean section or normal spontaneous delivery of nonallergic healthy

mothers. Written informed consent was obtained from all subjects, including

18 healthy volunteers (10 male and 8 female subjects; age, 62.4 6 12.3 years),

before investigations.

Plasmid constructs
The PCR fragment of cDNA encoding full-length human T-bet (amino

acids 1-533), GATA-3 (amino acids 1-443), c-Maf (amino acids 1-373), and

signal transducer and activator of transcription 4 (STAT4; amino acids 1-

748) was subcloned in frame into an appropriate site in the CMV promoter–

driven lentivirus expression vector combined with an internal ribosomal

entry site sequence followed by the coding sequence of a luminescent

protein, Venus, at the C-terminal end.18,19 In some experiments the SV40

promoter site in a pMACS-kk.II expression vector (Miltenyi Biotech

GmbH, Bergisch Gladbach, Germany) was replaced with the CMV promoter

plus or minus the T-bet cDNA-coding sequence (pMACS–T-bet). T-bet was

also subcloned into the pEF6/His vector (pEF–T-bet; Invitrogen, Carlsbad,

Calif). To construct a small hairpin RNA (shRNA) expression vector, the

human phosphoglycerate kinase eukaryotic promoter–driven puromycin

resistance gene in a Mission shRNA clone containing sense and antisense

21-bp shRNA sequences derived from human T-bet cDNA (sense 59-

CGCTTCCAACACGCATATCTT-39) ans in its nontarget shRNA control
vector (Sigma-Aldrich, St Louis, Mo) were replaced by human elongation

factor 1a promoter–driven Venus expression cassette.19,20 The human IL4

promoter (21105 to 14) and IL13 promoter (21077 to 149) were subcl-

oned into the phosphorylated enhanced green fluorescent protein (EGFP)

1 vector (IL-4–EGFP and IL-13–EGFP; BD Biosciences, San Jose, Calif).

The human IFNg promoter-reporter vector (IFN-g–EGFP) was described

previously.21 The correct sequences of all constructs were verified by means

of sequencing.

Preparation of lentivirus-expressing cDNA and

shRNA
Lentiviruses pseudotyped with vesicular stomatitis virus G glycoprotein

(VSV-G) were prepared as described previously, with slight modifica-

tions.18,20 Briefly, 293T cells were transfected with 3 plasmids: packaging

construct (pCAG-HIVgp), VSV-G and Rev-expressing construct (pCMV–

VSV-G–RSV-Rev), and lentivirus vectors, as described above. The resulting

culture supernatant was concentrated by means of ultracentrifugation, and

the virus pellet was resuspended in Hank’s balanced salt solution. Titers of

virus stocks were determined as described previously.20

Cells, lentivirus infection, and transfection
CD41 T cells were purified from peripheral and cord blood mononuclear

cells by means of positive selection with CD4 microbeads with a magnetic

cell sorting system (Miltenyi Biotec). The purity of resulting cells was

greater than 95%, as determined by means of flow cytometry.

CD41CD45RO2 naive T cells were also purified by using a combination

of negative and positive selection with CD45RO and CD4 microbeads, re-

spectively. The resulting cells were analyzed for the expression of cell-sur-

face molecules by means of staining with fluorescein isothiocyanate

(FITC)– or phycoerythrin (PE)–conjugated anti-CD25, anti-CD44, anti-

CD62L, anti-CD69, anti-CD127 (eBioscience, San Diego, Calif), anti-

CCR7, anti–IL-4 receptor a, anti-IL-12 receptor b1 (R&D Systems, Inc,

Minneapolis, Minn), and anti–IL-12 receptor b2 (BD Bioscience) anti-

bodies. Naive T cells were cultured in AIM-V medium (Invitrogen) in the

presence of 0.01 mg/mL anti-CD3 antibody (OKT3; Ortho Biotech, Bridge-

water, NJ), 1 mg/mL anti-CD28 antibody (BD Biosciences), and 10 U/mL

recombinant IL-2 (Shionogi, Osaka, Japan). For TH1 phenotype develop-

ment, 100 ng/mL recombinant IL-12 (Peprotech, Rocky Hill, NJ) and 40

mg/mL anti–IL-4 antibody (eBioscience) were added at the start of culture,

and for TH2 development, 400 ng/mL recombinant IL-4 (Peprotech) and 40

mg/mL anti–IL-12 and anti–IFN-g antibodies (eBioscience) were used. In

neutralizing conditions no other recombinant cytokine or anti-cytokine anti-

body than IL-2 was added. For protein overexpression and knockdown

study, cells were infected with viral stock solutions at a multiplicity of in-

fection of 50 to 200 at 24 hours after the start of culture. After 7 to 10

days of stimulation, cells were harvested, purified by means of centrifuga-

tion over Ficoll-Paque, and then used as TH1/TH2-polarized or neutrally de-

veloped cells. In some experiments lentivirus infection–positive cells were

purified with a FACSArea cell sorting system (BD Biosciences).

Simian virus 40 T antigen–transfected human leukemic Jurkat T (Jurkat

Tag) cells were transfected with various amounts of plasmid DNAs by means

of electroporation, as described previously.22 In some experiments transfec-

tion-positive cells were purified by means of positive selection by using

H-2k microbeads with a magnetic cell sorting system. The purity of resulting

cells was greater than 95%, as determined by means of flow cytometry with

anti–H-2k–FITC antibody.

Immunoprecipitation and immunoblotting
Whole cell lysates prepared from 107 cells, as described previously,22 were

incubated with 5 mg of anti–T-bet (4B10) antibody for 2 hours, followed by the

addition of 40 mg of protein G–Sepharose beads for an additional 2 hours at

48C. The beads were then washed 4 times, boiled in 20 mL of Laemmli buffer,

and subjected to SDS-PAGE. Immunoblotting against endogenous protein in

whole cell lysates, immunoprecipitation samples, or both was performed by
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using anti–T-bet (4B10), anti–GATA-3 (HG3-31), anti–c-Maf (M-153), anti-

STAT4 (C-20), anti-actin (C-11; Santa Cruz Biotechnology, Santa Cruz,

Calif), and anti-phosphotyrosine (PY-20; BD Bioscience) antibodies, as previ-

ously described.21

Intracellular cytokine staining
After stimulation culture, CD41 T cells were restimulated with 5 nmol/L

phorbol 12-myristate 13-acetate plus 1 mmol/L ionomycin for 6 hours at

378C in the presence of 2 mmol/L monensin. The cells were fixed with 4% par-

aformaldehyde and permeabilized with 0.5% Triton X-100. After blocking

with PBS containing 3% BSA, cells were stained with anti–IL-4 (MP4-

25D2)–FITC or anti–IL-4–PE (eBioscience), anti–IFN-g (4S.B3)–PE (BD

Biosciences), anti–GATA-3–PE (BD Bioscience), and anti–T-bet–Alexa647

(eBioscience) antibodies. Flow cytometric analysis was performed on a

FACScalibur with CellQuest software (BD Biosciences).

mRNA expression
Total RNA was extracted from freshly isolated CD41 T cells or cells

stimulated with or without 2.5 mg/mL anti-CD3 antibody plus 1 mg/mL

anti-CD28 antibody in the presence of 5 mg/mL anti-mouse IgG crosslink-

ing antibody or 5 nmol/L phorbol 12-myristate 13-acetate plus ionomycin

for 6 hours at 378C. After reverse transcription with oligo(dT)12-18 primer

and ReverTra ACE (Toyobo, Osaka, Japan), quantitative real-time RT-PCR

for IL-4, IL-5, IL-13, IFN-g, GATA-3, c-Maf, STAT4, and T-bet was per-

formed by using Assay-on-Demand Gene Expression Products (TaqMan

MGB probes), with specific probes listed in Table E1 in this article’s Online

Repository at www.jacionline.org, and an ABI Prism 7900 sequence detec-

tion system (Applied Biosystems, Foster City, Calif), as described

previously.21

Reporter assay and ELISA
After 16 hours of stimulation, the promoter-enhancer activity was assessed

as fluorescence of synthetic EGFP detected by means of flow cytometry, as

described previously.21 In some experiments the concentrations of IL-4, IL-

13, and IFN-g in the culture supernatant were measured by means of ELISA

with READY-SET-GO ELISA sets (eBioscience), according to the manufac-

turer’s instructions.

REA assay
REA assays were performed according to the method of Guo et al,23

with modifications. Briefly, 1 3 106 cells were washed twice in cold

PBS and resuspended in lysis buffer (60 mmol/L KCL, 15 mmol/L

NaCl, 5 mmol/L MgCl2, 10 mmol/L Tris-HCl [pH 7.5], 300 mmol/L su-

crose, and 0.625% Nonidet P-40) with freshly supplied protease inhibitors.

After cells were lysed on ice for 10 minutes, the nuclei were placed in pel-

lets at 2000 rpm for 10 minutes at 48C. Nuclei were then treated with

varying amounts of HaeIII digestion buffer (50 mmol/L NaCl, 10 mmol/

L Tris-HCl [pH 7.9], 10 mmol/L MgCl2, and 1 mmol/L dithiothreitol) at

378C for 24 hours. The reactions were stopped by means of addition of

EDTA to a final concentration of 10 mmol/L. Proteinase K and SDS

were added to final concentrations of 0.1 mg/mL and 1%, respectively,

and the samples were incubated at 558C for a minimum of 4 hours. The

samples were extracted once with saturated phenol and twice with phe-

nol-chloroform. The DNA was then precipitated with ethanol. Purified

DNA was subjected to quantitative real-time RT-PCR by using TaqMan

Genomic-Assays (MGB probes) with an ABI Prism 7900 sequence detec-

tion system. The 59 and 39 primers and specific probe sets used to detect

the digestion of the TBX21 gene are described in Table E2 in this article’s

Online Repository at www.jacionline.org. The results were expressed as

the relative amount of intact DNA in comparison with non–enzyme-treated

control values.
RESULTS

CD41 T cells are distortedly differentiated into TH2

cells in allergic asthma
Regardless of the TH1/TH2 theory, it has not been clearly eval-

uated whether TH1 cytokines are downregulated in human TH2-
related diseases. Therefore the expression of TH1/TH2 cytokines
and transcription factors in CD41 T cells of patients with allergic
asthma, a typical TH2 disease, was first investigated. mRNA ex-
pression levels in freshly isolated CD41 T cells from peripheral
blood were measured by means of quantitative real-time RT-
PCR to exclude the difference in the antigen specificity among in-
dividual patients. Consistent with previous reports,3,4 IL-4, IL-5,
and IL-13 expressions in asthmatic patients were significantly
higher than those in healthy subjects. However, the same level
of IFN-g expression was observed in both groups (Fig 1). In ad-
dition, there was no significant difference in the expression of
the TH1-specific transcription factors STAT4 and T-bet and the
TH2 transcription factors GATA-3 and c-Maf. These findings sug-
gest that human CD41 T cells are not differentiated into typical
TH2 cells, even in TH2-related diseases.

Human peripheral naive CD41 T cells–derived TH2

cells produce IFN-g
The potential for TH1/TH2 differentiation of peripheral naive

CD41 T cells was next investigated to clarify the mechanisms
underlying the lack of downregulation of IFN-g in allergic
asthma. In this experiment naive CD41 T cells prepared
from cord blood were also used because it has been suggested
that cord blood T cells display poor IFN-g–producing activ-
ity.13-15 As shown in Fig 2, A, peripheral blood and cord blood
mononuclear cells contained approximately 9% and 25%
CD45RA1 naive CD41 T cells, respectively. From both types
of mononuclear cells, CD41CD45RA1 T cells were success-
fully enriched (approximately 99% purity) after a combination
of negative and positive selection. The resulting peripheral and
cord blood CD41CD45RA1 cells were composed of a
CD252CD441CD62L1CD692CD1271CCR71 homogeneous
population (Fig 2, B), even though the expression levels of
the positive molecules differed in individual subjects (data
not shown), suggesting that these cells are recognized as typi-
cal naive T cells. IL-4 receptor a and IL-12 receptor b1, but
not IL-12 receptor b2, were similarly expressed on both types
of cells. After stimulation culture under TH1 and TH2 condi-
tions, respective phenotypes were clearly induced from cord
blood naive CD41 T cells (Fig 2, C). TH1 differentiation
was also successfully induced, although peculiar TH2 differen-
tiation occurred in peripheral blood naive CD41 T cells. Thus
IFN-g–producing cells were significantly developed, even un-
der TH2-skewing conditions (Fig 2, C).

Peripheral naive CD41 T cells significantly express

T-bet because of high accessibility of the proximal

promoter region in the TBX21 gene
The expression of TH1- and TH2-specific transcription factors

in peripheral and cord blood naive/TH1/TH2 cells was compara-
tively analyzed by means of Western blotting to elucidate the rea-
son for the distorted TH2 differentiation in human peripheral
CD41 T cells. As shown in Fig 3, A, GATA-3 expression was

http://www.jacionline.org
http://www.jacionline.org
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FIG 1. Expression of TH1/TH2 cytokines and transcription factors in CD41 T cells of asthmatic patients.

mRNA expression in freshly isolated peripheral CD41 T cells of asthmatic patients and healthy donors

was determined by using the quantitative real-time RT-PCR method. Each dataset (plot) and mean (bar)

is expressed as mRNA abundance normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

expression (n 5 16-38). P values were determined by using the unpaired t test with the Welch correction.
hardly observed in both peripheral and cord blood naive CD41 T
cells and slightly induced on stimulation, whereas it was mark-
edly upregulated by TH2 differentiation. The expression of c-
Maf was relatively stable. In contrast, STAT4 expression was
clearly upregulated after TH1 differentiation in both peripheral
and cord blood CD41 T cells. In cord blood–derived cells, T-
bet was also inducible and preferentially expressed in TH1 cells.
However, peripheral CD41 T cells displayed an interesting ex-
pression pattern of this transcription factor. Thus the expression
of T-bet was not only equivalent in TH1 and TH2 cells but was
also clearly detectable in naive CD41 T cells, even without stim-
ulation (Fig 3, A).

It has been demonstrated that T-bet downregulated the tran-
scriptional function of its opposing transcription factor, GATA-
3.24 Phosphorylation of a tyrosine residue in T-bet was required
for the suppression of GATA-3.24 Therefore phosphorylation, as
well as coexpression with GATA-3, of T-bet in TH2 cells derived
from peripheral CD41 T cells in which both transcription factors
were plentifully expressed was investigated. The expression of
GATA-3 and T-bet in the cells was detectable also by means of in-
tracellular staining (Fig 3, B). In addition, the expression levels of
T-bet in GATA-3–low and GATA-3–high populations were equiv-
alent, suggesting that T-bet was coexpressed with GATA-3 and its
expression was not affected by GATA-3. Physical interaction be-
tween GATA-3 and T-bet was not detectable in these cells by
means of immunoprecipitation with anti–T-bet or anti–GATA-3
antibodies in our experimental conditions (data not shown). How-
ever, T-bet was significantly phosphorylated in TH1 and TH2 cells
derived from peripheral CD41 T cells (Fig 3, C). Interestingly, the
phosphorylation level of T-bet was more potent in TH2 cells than
in TH1 cells, which is in parallel with the expression pattern of
GATA-3.

REA assay was performed throughout the TBX21 gene to
clarify the mechanisms of the hyperexpression of T-bet in pe-
ripheral CD41 T cells. Increasing amounts of a restriction
enzyme, HaeIII, degraded its recognition sequence in the distal
promoter region (21753) of peripheral and cord blood–derived
TH1/TH2-differentiated cells and peripheral naive CD41 cells
but not that of cord blood naive cells (Fig 3, D). In accordance
with the expression pattern of T-bet determined by means of
Western blotting (Fig 3, A), the proximal promoter region
(2151) was sensitive to the enzyme in peripheral blood cells,
as well as in TH1 cells from cord blood, but not in cord
blood–derived naive and TH2 cells. A similar degree of acces-
sibility among peripheral and cord blood–derived naive/TH1/
TH2 cells was observed in the first intron (11790) of the
TBX21 gene (Fig 3, D). These findings suggest that the high ac-
cessibility of the proximal promoter region in the TBX21 gene
is one of the primary reasons for hyperexpression of T-bet in
peripheral CD41 T cells.

Effect of T-bet on cytokine expression in human

CD41 T cells
Subsequent experiments were performed to investigate the

potential of T-bet, as well as other transcription factors, for TH1
and TH2 cytokine expression in human CD41 T cells. T-bet com-
bined with internal ribosomal entry site sequence–Venus was
introduced into cord blood naive CD41 T cells by means of a len-
tivirus infection system during differentiation toward TH2 cells.
Determined by the fluorescence of Venus, 30% to 45% of the re-
sulting cells were recognized to be transduction positive, and the
fluorescence levels were not significantly different between
empty vector– and T-bet–introduced cells (Fig 4, A). In the pop-
ulation of transduction-positive cells, IL-4, but not IFN-g, was
clearly produced on stimulation, whereas less than 1% were of
these cells were cytokine positive without stimulation
(Fig 4, A). The IL-4–positive cells were slightly decreased in
T-bet–transduced cells, and more distinctly, a large number of
IFN-g–producing cells were induced by T-bet (Fig 4, A). These
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FIG 2. TH1 and TH2 cell differentiation from peripheral and cord blood naive T cells. CD45RA1CD41 cells

were purified from mononuclear cells in peripheral and cord blood of healthy subjects and stained for

CD4 and CD45RA (A). Cell-surface markers on the peripheral (plain line) and cord (bold line) blood

CD41CD45RA1 cells were stained with specific or isotype control antibodies (gray area; B). After 7 to 10

days of stimulation culture under TH1- and TH2-skewing conditions, peripheral and cord blood CD41 T cells

were stimulated with 5 nmol/L phorbol 12-myristate 13-acetate plus 1 mmol/L ionomycin for 6 hours and

stained for intracellular IL-4 and IFN-g (C). The representative plots and means 6 SEMs of cytokine-positive

cell percentages from 4 separate experiments are shown.
findings suggest that T-bet provides IFN-g–producing activity for
cord blood CD41 T cells, even in TH2-skewing conditions.

The effects of T-bet and other transcription factors on TH1/TH2
cytokine mRNA expression were examined. In this experiment pe-
ripheral naive CD41 T cells were used because they expressed
both TH1 and TH2 cytokines after stimulation culture under neutral
conditions. GATA-3, c-Maf, STAT4, and T-bet were introduced
into the cells by using a lentivirus. Twenty percent to 30% of the
resulting cells were recognized to be transduction positive, and
populations with the same fluorescence level (M1; Fig 4, B)
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FIG 3. Expression of transcription factors in T cells. Purified naive CD41 T cells and differentiated TH1 and

TH2 cells from peripheral and cord blood of healthy subjects were left unstimulated or stimulated with 0.1

mg/mL anti-CD3 plus 1 mg/mL anti-CD28 for 24 hours. Expression of transcription factors and actin in the re-

sulting cells was analyzed by means of Western blotting. Protein samples from 106 cells of individual groups

were loaded and blotted on the same membrane (A). GATA-3 and T-bet expression in TH2 cells from periph-

eral CD41 T cells was examined by means of intracellular staining (B). Whole cell lysates (WLC) of TH1 and

TH2 cells from peripheral blood CD41 T cells were immunoprecipitated with anti–T-bet antibody. The result-

ing immunoprecipitation (IP) samples or WCL were blotted with anti-phosphotyrosine, anti–T-bet, and anti–

GATA-3 antibodies (C). The results shown are representative of 4 separate experiments. REA assay against

HaeIII sites at the TBX21 gene was performed on unstimulated naive and TH1- and TH2-differentiated periph-

eral and cord blood T cells (D). Data are expressed as means 6 SEMs of percentage intact DNA compared

with HaeIII-untreated control values (n 5 4-6). MW, Molecular weight.
were purified by using a cell sorting system. On stimulation, the
expression of both TH1 and TH2 cytokines was induced in these
cells (Fig 4, C). IL-4, IL-5, and IFN-g expression was upregulated
by c-Maf, GATA-3, and T-bet, respectively. STAT4 failed to affect
any cytokine examined. Not only marked augmentation of IFN-g
but also downregulation of IL-4 (by 81%) and IL-13 (by 34%) was
achieved by T-bet. The specific expression of introduced GATA-3,
c-Maf, STAT4, and T-bet was confirmed at the mRNA level
(Fig 4, C).

Role of endogenously expressed T-bet in cytokine

synthesis in peripheral CD41 T cells examined with

RNAi technology
U6 promoter–driven shRNA against T-bet combined with EF

promoter–driven Venus (shT-bet; Fig 5, A) was introduced into
peripheral blood naive CD41 T cells by using a lentivirus during
stimulation culture under neutral conditions. The expression of T-
bet in highly transduced cells (M1; Fig 5, B) purified with a cell
sorting system was examined by means of real-time RT-PCR
and Western blotting. In comparison with nontargeted shRNA
control, introduction of shT-bet reduced the expression of T-bet
in the cells by approximately 80% at the level of both mRNA
(Fig 5, C) and protein (Fig 5, D). As the protein content control,
equivalent expression of actin was observed in shT-bet– and con-
trol shRNA–introduced cells, whereas GATA-3 was slightly upre-
gulated, if at all, by knockdown of T-bet (Fig 5, D). After
stimulation culture, activated peripheral CD41 T cells produced
IFN-g, IL-4, and IL-13 in the culture supernatant (Fig 5, E).
The production of IFN-g was clearly suppressed, and on the con-
trary, IL-4 and IL-13 production was enhanced by the introduc-
tion of shT-bet (Fig 5, E). These findings suggest that
endogenously expressed T-bet plays a crucial role in facilitating
IFN-g production in peripheral CD41 T cells.

Role of T-bet in TH1/TH2 cytokine gene transcription
In addition to the strong augmentation of IFN-g, a suppressive

role of T-bet in IL-4 and IL-13 was demonstrated in human CD41

T cells (Figs 4 and 5). Because TH1 and TH2 cytokines counteract
each other, it is not clear whether T-bet–mediated downregulation
of TH2 cytokines was due to the suppression of TH2 cytokine gene
transcription or occurred as a secondary response after TH1 polar-
ization. The next experiment was therefore performed to eluci-
date the role of T-bet in IL-4 and IL-13 gene transcription.
Jurkat Tag cells expressing both TH1 and TH2 cytokines on stim-
ulation were used to separate this role from the overall effects on
TH1/TH2 subset differentiation. pMACS–T-bet– and its empty
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FIG 4. Effect of T-bet on cytokine synthesis in T cells. T-bet–internal ribosomal entry site sequence–Venus

(T-bet) and empty internal ribosomal entry site sequence–Venus (Vector) expression cassettes were intro-

duced into cord blood naive CD41 T cells of healthy subjects by using a lentivirus infection system during

7 to 10 days of stimulation culture under TH2 conditions. The resulting cells were stimulated with 5 nmol/L

phorbol 12-myristate 13-acetate plus 1 mmol/L ionomycin for 6 hours and stained for intracellular IL-4 and

IFN-g (A). The representative plots and means 6 SEMs of cytokine-positive cell percentages in the Venus-

positive population from 4 separate experiments are shown. Internal ribosomal entry site sequence–Venus–

combined GATA-3, c-Maf, STAT4, and T-bet expression cassettes were introduced into peripheral naive

CD41 T cells during stimulation culture under neutral conditions. The resulting Venus-positive cells (M1

population; B) were purified and left unstimulated or stimulated with 5 nmol/L phorbol 12-myristate 13-ac-

etate plus 1 mmol/L ionomycin for 6 hours, and the expression of cytokine and transcription factor mRNA

was measured by means of quantitative real-time RT-PCR (C). Data are expressed as means

6 SEMs of mRNA abundance normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

expression (n 5 4).
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FIG 5. Knockdown effect of T-bet on human T-cell differentiation. A serial expression cassette containing U6

promoter–driven shRNA and EF promoter–driven Venus (A) was introduced into peripheral naive CD41 T

cells of healthy subjects with lentivirus during 7 to 10 days of stimulation culture under neutral conditions.

The resulting Venus-positive population (M1 population; B) in T-bet (bold line) and control (plain line)

shRNA–introduced cells was purified. The gray area indicates untransfected background. Expression of

T-bet, GATA-3, or both in the purified cells was determined by means of quantitative real-time RT-PCR

(C) and Western blotting (D). The purified cells were left unstimulated or stimulated with 0.1 mg/mL anti-

CD3 plus 1 mg/mL anti-CD28 for 24 hours, and the concentrations of cytokines in the culture supernatant

were measured by means of ELISA (E).
vector–transfected Jurkat Tag cells were purified by using a mag-
netic cell sorting system and stimulated in the presence of anti–
IFN-g antibody. As shown in Fig 6, A, T-bet enhanced inducible
IFN-g expression and suppressed the expression of IL-4 and
IL-13. GATA-3, c-Maf, and STAT4 mRNA expression was not
affected by overexpression of T-bet.

The effect of T-bet on TH1/TH2 cytokine gene transcription was
further investigated by using a promoter reporter assay. Consis-
tent with previous reports,21,25 the transcriptional activity of
IFNg, IL4, and IL13 promoter was enhanced on stimulation. In
agreement with the results of mRNA expression, the inducible
promoter activity of IFN-g was augmented, whereas that of IL-
4 and IL-13 was inhibited by T-bet (Fig 6, B). These findings sug-
gest that T-bet not only behaves as a strong transcription factor for
IFN-g but also downregulates TH2 cytokines at the level of gene
transcription in human T cells.

DISCUSSION
Accumulating evidence suggests that TH2 cytokines are upre-

gulated in asthmatic patients. These observations have been
made not only in bronchial biopsy specimens but also in broncho-
alveolar lavage fluid, peripheral blood, and CD41 T cells.6,26-29

However, regardless of the TH1/TH2 paradigm, IFN-g is not al-
ways suppressed in allergic asthma. Thus in some studies in-
creased IFN-g mRNA, protein, or both was detectable in
bronchoalveolar lavage fluid, biopsy specimens, and peripheral
blood.6,9 Our present study clearly demonstrated that IFN-g
mRNA in CD41 T cells of asthmatic patients was expressed
equivalently to that in healthy subjects, even though TH2 cyto-
kines were upregulated, supporting the previous investigations.

Because it has been reported that cord blood T cells display
lower IFN-g–producing activity than peripheral T cells,13-15 we
investigated the mechanisms of the distorted human TH2 differen-
tiation by comparing peripheral and cord blood CD41 T cells. Al-
though TH1- and TH2-polarized cells had clearly developed from
cord blood naive CD41 T cells and the TH1 phenotype was also
induced from peripheral cells, IFN-g–producing cells had signif-
icantly developed from peripheral naive CD41 T cells, even under
TH2-skewing conditions. Our present findings are consistent with
those of previous reports13-15 and further suggest that the differ-
ence between peripheral and cord blood CD41 T cells is already
destined in their naive stage.

In relation to the distinct producing activity of TH1 and TH2 cy-
tokines, a differential expression pattern in peripheral and cord
blood CD41 T cells was observed for T-bet. Thus T-bet was not
detectable in unstimulated cord blood naive CD41 T cells and
was preferentially induced after TH1 differentiation. In contrast,
the expression of T-bet was not only equivalent in TH1 and TH2
cells but was also detectable even in resting naive CD41 T cells
derived from peripheral blood. It has been reported that several
transcription factors are differentially expressed in peripheral
and cord blood T cells.12,16,17 Partly in agreement with and partly
in contradiction to our present findings, Yu et al12 demonstrated
that T-bet and GATA-3 mRNA expression was enhanced and di-
minished, respectively, in mononuclear cells of peripheral blood



J ALLERGY CLIN IMMUNOL

VOLUME 123, NUMBER 4

KAMINUMA ET AL 821
FIG 6. Effect of T-bet on cytokine mRNA expression and promoter activity in human T cells. A, Jurkat Tag

cells were transfected with pMACS–T-bet or empty vector (10 mg each). After 48 hours, H-2k–positive cells

purified with a magnetic cell sorting system were left unstimulated or stimulated with phorbol 12-myristate

13-acetate (5 nmol/L) plus ionomycin (1 mmol/L) in the presence of 40 mg/mL anti–IFN-g for 6 hours, and the

expression of cytokine and transcription factor mRNA was determined by using the quantitative real-time

RT-PCR method. Data are expressed as means 6 SEMs of mRNA abundance normalized with glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) expression (n 5 4). B, Cells were transfected with pEF–T-bet

or empty vector in the presence of IFN-g–EGFP, IL-4–EGFP, or IL-13–EGFP (10 mg each). At 24 hours after

transfection, cells were stimulated in the presence of 40 mg/mL anti–IFN-g for 16 hours, and the promoter

activity was detected as the fluorescence of synthetic EGFP measured by means of flow cytometry (n 5 4).
but not cord blood on stimulation with varicella zoster virus. Our
study cannot be directly compared with their report because they
examined mRNA levels and only discussed the stimulation/no
stimulation ratio in the whole mononuclear cell population. How-
ever, we have observed that the expression levels of TH1- and
TH2-specific transcription factors as proteins were not correlated
with those as mRNA (see Fig E1 in this article’s Online Reposi-
tory at www.jacionline.org). Furthermore, mRNA expression
levels of transcription factors were not consistent with the hyper-
expression of TH2 cytokines in asthmatic patients (Fig 1). There-
fore the present findings demonstrating a differential T-bet
expression pattern in purified peripheral and cord blood CD41

T-cell populations at the protein level seem to be more convincing
and, more importantly, consistent with the results of the TH1/TH2
differentiation experiment.

The importance of T-bet to TH1 differentiation has been
reported. T cells derived from T-bet–deficient mice showed defec-
tive TH1 differentiation,30 and accordingly, these mice spontane-
ously manifested TH2-related disorders.31 Ectopically expressed
T-bet induced IFN-g synthesis in TH2-polarized cells of murine
and human origin.32,33 The expression of T-bet in T cells is
correlated with polarization of the murine TH1 phenotype,32

although the correlation has been poorly confirmed in human T
cells. Consistent with these previous investigations, our present
study clearly demonstrated that IFN-g–producing activity in hu-
man CD41 T cells is generally correlated with the resting expres-
sion pattern of T-bet protein.

We also demonstrated that, like murine T cells, ectopically
expressed T-bet induced IFN-g synthesis in human CD41 T cells,
even after stimulation culture under TH2-polarizing conditions.
Furthermore, the functional role of endogenously expressed T-
bet in IFN-g synthesis was clearly demonstrated by using RNAi
technology. Consistently, Lametschwandtner et al33 reported
that ectopic expression of T-bet in a human TH2 cell line derived
from the skin of patients with atopic dermatitis induced IFN-
g–producing activity. Therefore it is suggested that T-bet plays
a crucial role in the expression of IFN-g in human CD41 T cells,
even under a TH2-skewing state, such as allergic asthma.

Nevertheless, peripheral naive CD41 T cells did not produce
IFN-g, regardless of significant expression of T-bet. In addition
to the requirement of other transcription factors, such as nuclear
factor of activated T cells, nuclear factor kB, and activator protein

http://www.jacionline.org
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1, IFN-g gene transcription is strongly affected by T-cell receptor
signaling–triggered epigenetic modification of its gene locus.34,35

Therefore T-bet might hardly associate with and activate the IFNg

promoter in peripheral naive CD41 T cells.
The expression of T-bet also seems to be regulated at the level

of transcription with epigenetic modification of its gene locus.
Indeed, T-bet was strongly inducible on stimulation and signif-
icantly expressed also in naive and TH2 cells at 24 hours (Fig 3,
A). However, the de novo synthesized T-bet did not contribute
to the expression of IFN-g (Fig 2, C). The correct reason for the
discrepancy is not clear, though it is probably due to the difference
in time course because cytokine-producing activity was deter-
mined in an earlier time point (6 hours). In addition, our present
findings suggest that the protein expression levels of transcription
factors at the start of stimulation are crucial for inducible TH1/
TH2 cytokine synthesis.

We and Lametschwandtner et al33 demonstrated apparently
contradictory findings. Thus in addition to the strong promoting
activity on IFN-g, downregulation of IL-4 and IL-13 by T-bet
was observed in our present study, whereas Lametschwandtner
et al showed that IL-4 synthesis was not affected by ectopic ex-
pression of T-bet in human TH2 cells. The reason for the contradic-
tion is unclear, although our present study further demonstrated
that T-bet–mediated downregulation of IL-4 and IL-13 was
achieved at the mRNA transcription level. In agreement with
our findings, IL-4 and IL-13 production by CD41 T cells was up-
regulated in T-bet–deficient mice.36 Even though TH1 and TH2 cy-
tokines counteract each other, downregulation of IL-4 and IL-13
by T-bet was not likely to be achieved, at least in part, through
the enhancement of IFN-g expression because Jurkat Tag cells
failed to produce a detectable amount of IFN-g, as well as IL-4,
IL-5, and IL-13, in the culture supernatant (<20 pg by 106 cells).

Nevertheless, Szabo et al30 showed that T-bet failed to affect
the promoter activity of murine IL-4, even though IFN-g pro-
moter activity was augmented. They used a reporter construct
containing 2760 to 168 of the murine IL4 promoter and murine
EL-4 cells, whereas we used a human T leukemia cell line. Be-
cause the homology of the approximately 1-kb 59-flanking re-
gions of the human and mouse IL4 genes is approximately
60%, the effect of T-bet on the IL4 promoter might vary among
species. Because T-bet–binding activity of the human and murine
IL4 and IL13 gene promoters, including the T-box–like region,
has not been evaluated, further study will be needed to identify
the cis-regulatory elements responsible for T-bet–mediated
downregulation of IL-4 and IL-13 gene transcription.

Recently, the counteractive effects of T-bet on TH2-specfic
transcription factors have been investigated. GATA-3 expression
in murine CD41 T cells was upregulated in T-bet2/2 mice and,
on the contrary, suppressed by retroviral introduction of T-bet.37

Our present study revealed new insights into the role of T-bet in
GATA-3 expression in human CD41 T cells. Thus the expres-
sion levels of T-bet in GATA-32low and GATA-32high popu-
lations in TH2 cells derived from peripheral blood CD41 T cells
are equivalent. In addition, GATA-3 mRNA expression was
minimally affected by ectopic expression of T-bet in peripheral
T cells and Jurkat Tag cells (Figs 4, C, and 6, A), suggesting that
T-bet does not directly affect GATA-3 expression in human T
cells. Because the expression of GATA-3 was slightly enhanced
by knockdown of T-bet (Fig 5, D), this is probably due to a sec-
ondary effect caused by the relative polarization to the TH2
phenotype.
The phosphorylation of T-bet was more potent in TH2 cells than
in TH1 cells, which is in parallel with the expression of GATA-3
(Fig 3, C). It has been reported that IL-2-inducible T-cell kinase
(ITK) is necessary for GATA-3 association and phosphorylation
of T-bet.24 Therefore the possibility that GATA-3 is required for
the interaction with ITK and the resulting phosphorylation of T-
bet is also suggested. Because the physiologic meaning of hyper-
phosphorylation of T-bet in TH2 cells is unclear in our study,
Hwang et al24 showed that phosphorylated T-bet interferes with
the binding of GATA-3 to its target DNA. Therefore a negative
contribution of T-bet, expressed and phosphorylated in TH2 cells
derived from peripheral blood, to GATA-3–mediated TH2 cyto-
kine synthesis is suggested.

In conclusion, T-bet expressed in human peripheral CD41 T
cells plays a crucial role in their IFN-g productivity, even in
TH2-skewing conditions, through not only strong induction of
IFN-g but also downregulation of IL-4 and IL-13 at the tran-
scription level. Hyperexpression of this transcription factor in
naive CD41 T cells because of the high accessibility to the
proximal TBX21 promoter region might be one of the primary
reasons for the lack of downregulation of IFN-g, regardless of
upregulation of TH2 cytokines, in TH2 diseases, including aller-
gic asthma.

We thank Dr A. Miyawaki for providing Venus and Dr W. Gray for

reviewing the manuscript.

Key message

d The TH1/TH2 paradigm established principally by murine
studies is not always fit for the differentiation of human T
cells.

REFERENCES

1. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types of

murine helper T cell clone. I. Definition according to profiles of lymphokine activ-

ities and secreted proteins. J Immunol 1986;136:2348-57.

2. Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood 2008;112:

1557-69.

3. Singh VK, Mehrotra S, Agarwal SS. The paradigm of Th1 and Th2 cytokines. Im-

munol Res 1999;20:147-61.

4. Romagnani S. Human TH1 and TH2 subsets: doubt no more. Immunol Today

1991;12:256-7.

5. Borish L, Rosenwasser L. TH1/TH2 lymphocytes: doubt some more. J Allergy

Clin Immunol 1997;99:161-4.

6. Robinson DS, Hamid Q, Ying S, Tsicopoulos A, Barkans J, Bentley AM, et al. Pre-

dominant TH2-like bronchoalveolar T-lymphocyte population in atopic asthma. N

Engl J Med 1992;326:298-304.

7. Shirai T, Suzuki K, Inui N, Suda T, Chida K, Nakamura H. Th1/Th2 profile in pe-

ripheral blood in atopic cough and atopic asthma. Clin Exp Allergy 2003;33:84-9.

8. Wong CK, Ho CY, Ko FW, Chan CH, Ho AS, Hui DS, et al. Proinflammatory cy-

tokines (IL-17, IL-6, IL-18 and IL-12) and Th cytokines (IFN-gamma, IL-4, IL-10

and IL-13) in patients with allergic asthma. Clin Exp Immunol 2001;125:177-83.

9. ten Hacken NH, Oosterhoff Y, Kauffman HF, Guevarra L, Satoh T, Tollerud DJ,

et al. Elevated serum interferon-gamma in atopic asthma correlates with increased

airways responsiveness and circadian peak expiratory flow variation. Eur Respir J

1998;11:312-6.

10. Barnes PJ. Cytokine-directed therapies for asthma. J Allergy Clin Immunol 2001;

108(suppl):S72-6.

11. Jenkins DE, Redman RL, Lam EM, Liu C, Lin I, Arvin AM. Interleukin (IL)-10,

IL-12, and interferon-gamma production in primary and memory immune

responses to varicella-zoster virus. J Infect Dis 1998;178:940-8.

12. Yu HR, Chang JC, Chen RF, Chuang H, Hong KC, Wang L, et al. Different anti-

gens trigger different Th1/Th2 reactions in neonatal mononuclear cells (MNCs) re-

lating to T-bet/GATA-3 expression. J Leukoc Biol 2003;74:952-8.



J ALLERGY CLIN IMMUNOL

VOLUME 123, NUMBER 4

KAMINUMA ET AL 823
13. Bullens DM, Rafiq K, Kasran A, Van Gool SW, Ceuppens JL. Naive human T cells

can be a source of IL-4 during primary immune responses. Clin Exp Immunol

1999;118:384-91.

14. Andersson U, Andersson J, Lindfors A, Wagner K, Moller G, Heusser CH. Simul-

taneous production of interleukin 2, interleukin 4 and interferon-gamma by acti-

vated human blood lymphocytes. Eur J Immunol 1990;20:1591-6.

15. Chalmers IM, Janossy G, Contreras M, Navarrete C. Intracellular cytokine profile

of cord and adult blood lymphocytes. Blood 1998;92:11-8.

16. Kaminski BA, Kadereit S, Miller RE, Leahy P, Stein KR, Topa DA, et al. Reduced

expression of NFAT-associated genes in UCB versus adult CD41 T lymphocytes

during primary stimulation. Blood 2003;102:4608-17.

17. Kadereit S, Mohammad SF, Miller RE, Woods KD, Listrom CD, McKinnon K,

et al. Reduced NFAT1 protein expression in human umbilical cord blood T lym-

phocytes. Blood 1999;94:3101-7.

18. Miyoshi H, Blomer U, Takahashi M, Gage FH, Verma IM. Development of a self-

inactivating lentivirus vector. J Virol 1998;72:8150-7.

19. Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K, Miyawaki A. A variant of yel-

low fluorescent protein with fast and efficient maturation for cell-biological appli-

cations. Nat Biotechnol 2002;20:87-90.

20. Katayama K, Wada K, Miyoshi H, Ohashi K, Tachibana M, Furuki R, et al. RNA

interfering approach for clarifying the PPARgamma pathway using lentiviral vector

expressing short hairpin RNA. FEBS Lett 2004;560:178-82.

21. Kaminuma O, Kitamura F, Kitamura N, Miyagishi M, Taira K, Yamamoto K, et al.

GATA-3 suppresses IFN-gamma promoter activity independently of binding to cis-

regulatory elements. FEBS Lett 2004;570:63-8.

22. Kaminuma O, Deckert M, Elly C, Liu Y-C, Altman A. Vav-Rac1-mediated activa-

tion of the c-Jun N-terminal kinase/c-Jun/AP-1 pathway plays a major role in stim-

ulation of the distal NFAT site in the interleukin-2 gene promoter. Mol Cell Biol

2001;21:3126-36.

23. Guo L, Hu-Li J, Paul WE. Probabilistic regulation of IL-4 production in Th2 cells:

accessibility at the Il4 locus. Immunity 2004;20:193-203.

24. Hwang ES, Szabo SJ, Schwartzberg PL, Glimcher LH. T helper cell fate specified

by kinase-mediated interaction of T-bet with GATA-3. Science 2005;307:430-3.

25. Dolganov G, Bort S, Lovett M, Burr J, Schubert L, Short D, et al. Coexpression of

the interleukin-13 and interleukin-4 genes correlates with their physical linkage in

the cytokine gene cluster on human chromosome 5q23-31. Blood 1996;87:

3316-26.
26. Robinson DS, Hamid Q, Bentley A, Ying S, Kay AB, Durham SR. Activation of

CD41 T cells, increased TH2-type cytokine mRNA expression, and eosinophil re-

cruitment in bronchoalveolar lavage after allergen inhalation challenge in patients

with atopic asthma. J Allergy Clin Immunol 1993;92:313-24.

27. Nagano Y, Kondo M, Tamaoki J, Isono K, Nagai A. Peripheral blood Th1 and Th2

profile in patients with moderate asthma: effect of inhaled corticosteroid. J Asthma

2002;39:247-53.

28. Cho SH, Stanciu LA, Begishivili T, Bates PJ, Holgate ST, Johnston SL. Peripheral

blood CD41 and CD81 T cell type 1 and type 2 cytokine production in atopic

asthmatic and normal subjects. Clin Exp Allergy 2002;32:427-33.

29. Cho SH, Stanciu LA, Holgate ST, Johnston SL. Increased interleukin-4, interleu-

kin-5, and interferon-gamma in airway CD41 and CD81 T cells in atopic asthma.

Am J Respir Crit Care Med 2005;171:224-30.

30. Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP, Glimcher LH.

Distinct effects of T-bet in TH1 lineage commitment and IFN-g production in CD4

and CD8 T cells. Science 2002;295:338-42.

31. Finotto S, Neurath M, Glickman JN, Qin S, Lehr HA, Green FHY, et al. Develop-

ment of spontaneous airway change consistent with human asthma in mice lacking

T-bet. Science 2002;295:336-8.

32. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A novel

transcription factor, T-bet, directs Th1 lineage commitment. Cell 2000;100:

655-69.

33. Lametschwandtner G, Biedermann T, Schwarzler C, Gunther C, Kund J, Fassl S, et al.

Sustained T-bet expression confers polarized human TH2 cells with TH1-like

cytokine production and migratory capacities. J Allergy Clin Immunol 2004;113:

987-94.

34. Kaminuma O, Elly C, Tanaka Y, Mori A, Liu YC, Altman A, et al. Vav-induced

activation of the human IFN-gamma gene promoter is mediated by upregulation

of AP-1 activity. FEBS Lett 2002;514:153-8.

35. Ansel KM, Lee DU, Rao A. An epigenetic view of helper T cell differentiation. Nat

Immunol 2003;4:616-23.

36. Finotto S, Hausding M, Doganci A, Maxeiner JH, Lehr HA, Luft C, et al. Asth-

matic changes in mice lacking T-bet are mediated by IL-13. Int Immunol 2005;

17:993-1007.

37. Usui T, Preiss JC, Kanno Y, Yao ZJ, Bream JH, O’Shea JJ, et al. T-bet regulates

Th1 responses through essential effects on GATA-3 function rather than on

IFNG gene acetylation and transcription. J Exp Med 2006;203:755-66.



J ALLERGY CLIN IMMUNOL

APRIL 2009

823.e1 KAMINUMA ET AL
FIG E1. mRNA expression of GATA-3 and T-bet in peripheral and cord blood CD41 T cells. Purified naive

CD41 T cells and differentiated TH1 and TH2 cells from peripheral and cord blood of healthy subjects was

determined by means of quantitative real-time RT-PCR method. Data are expressed as means 6 SEMs of

mRNA abundance normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression

(n 5 3-6).



J ALLERGY CLIN IMMUNOL

VOLUME 123, NUMBER 4

KAMINUMA ET AL 823.e2
TABLE E1. Probes used for quantitative real-time RT-PCR

Probe Sequence

IL-4 GGCGGGCTTGAATTCCTGTCCTGTG

IL-5 ATAAAAATCACCAACTGTGCACTGA

IL-13 GAACCAGAAGGCTCCGCTCTGCAAT

IFN-g GAAATATTTTAATGCAGGTCATTCA

GATA-3 GACCCACCACGGGAGCCAGGTGTGC

c-Maf GTTTTTCATAACTGAGCCCACTCGC

STAT4 GTAAAGGAAATGAGGGCTGTCACAT

T-bet CAAGCAGGGACGGCGGATGTTCCCA
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TABLE E2. Primers (59 and 39) and specific probe sets used to detect the digestion of the T-bet gene in REA assay

HaeIII site Sequence

21753 59 primer 21792 GGAGAATGGTGGGTAAGGTGTTG 21769

39 primer 21726 CGGATACATGACAGTACCAGAAACA 21750

Probe 21751 CAGGACTGGCCTCCTC 21766

2151 59 primer 2183 GCAGGCTCTCGCTTCTCT 2166

39 primer 2121 CAAATTCTACGCTCTTGGCGAGTA 2143

Probe 2145 CTGCAGGGCCCCCCAT 2160

11790 59 primer 11767 TGCGCACCCACCCTTC 11782

39 primer 11824 CGCTGGTCCCCTGCT 11810

Probe 11784 CAGTGCGGCCCATGTG 11809
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