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Background: The transcription factor T-bet mediates IFN-g

production by TH1 cells and suppresses TH2 cytokine pro-

duction when ectopically expressed in polarized murine TH2

cells. Thus T-betemediated inhibition of TH2 cytokine pro-

duction might be beneficial for the treatment of allergic

diseases like asthma or atopic dermatitis.

Objective: We sought to investigate the effects of ectopic T-bet

expression in highly polarized human TH2 cells obtained from

skin biopsy specimens of patients with atopic dermatitis.

Methods: The cytokine production of TH2 cells retrovirally

transfected with a vector expressing human T-bet was

determined by means of intracellular FACS staining and

ELISA. The effects of T-bet transfection were analyzed at the

mRNA level by means of real-time PCR and DNA microarrays

and confirmed by using functional chemokine response assays.

Results: Transfection of T-bet into TH2 cells induced high

levels of IFN-g and suppressed IL-5, but IL-2 and IL-4

production remained unchanged. T-bet transfection also

induced IL-12Rb2 and CXCR3 expression on human TH2

cells, whereas the IL-18 receptor was only induced as

a consequence of T-betemediated increased responsiveness to

IL-12. Furthermore, sustained T-bet expression in human TH2

cells induced IL-2 production and decreased the secretion of

IL-4. In addition, the chemokine receptor repertoire of these

cells was changed toward a TH1-like profile.

Conclusion: The combined switch in cytokine pattern and

migratory potential of highly polarized human TH2 cells

mediated by T-bet might provide an additional advantage for

the treatment of allergic diseases. (J Allergy Clin Immunol

2004;113:987-94.)
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CD4+ TH cells can be divided into different subsets
according to their cytokine secretion profiles.1 In partic-
ular, human TH1 cells produce IFN-c and IL-2, whereas
TH2 cells produce IL-4, IL-5, and IL-13 as key signature
cytokines. IL-12 plays a key role in the differentiation of
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Reprint requests: José M. Carballido, PhD, Novartis Research Institute,

Brunnerstrasse 59, A-1235 Vienna, Austria.

0091-6749/$30.00

� 2004 American Academy of Allergy, Asthma and Immunology

doi:10.1016/j.jaci.2004.02.004
TH1 cells.2 IL-12 receptor (IL-12R) b2 expression is
preferentially found on TH1 cells, maintaining respon-
siveness to IL-12, whereas TH2 cell development is ac-
companied by a loss of IL-12Rb2 expression. Typically,
TH1 cells also express IL-18 receptor (IL-18R) and
migrate to inflammatory sites in response to CXCR3 and
CCR5 ligands.3 Likewise, the chemokine receptors
CCR3, CCR8, and CRTH2 are preferentially expressed
on TH2 cells and have been associated with the generation
of pathogenic TH2 responses.3,4

The restricted expression of cytokines by polarized TH

cell subsets arises from differential expression of
transcription factors. GATA-3 is essential for expression
of IL-5 and induces IL-4 and IL-13, whereas c-maf has
a more specific role in IL-4 production.2 In contrast, the
transcription factor T-bet is specifically expressed in
murine TH1 cells and mediates IFN-c production.5

Transfection of T-bet into polarized murine TH2 cells
diminishes IL-4 and IL-5 production,5 although T-bet
expression is not necessarily incompatible with TH2
cytokine production.6 Because TH2 cytokines secreted
by allergen-specific human TH cells play a crucial role in
the development and maintenance of allergic diseases,
T-betemediated inhibition of TH2 cytokine production
might be beneficial for the treatment of allergic diseases,
including asthma7 and atopic dermatitis (AD).
Here we show that prolonged ectopic T-bet expression

of human TH2 cells derived from the skin of patients with
AD reverts the cytokine production and chemokine re-
ceptor expression profiles.

METHODS

T-cell isolation and retroviral infection

TH cells derived from the skin of patients with AD and periph-

eral bloodwere isolated as previously described.8 For retroviral infec-

tion, TH cells were restimulated with PHA and irradiated allogeneic

PBMCs and transfected with a retroviral construct containing the

cDNA of human T-bet followed by an IRES1 sequence and a green

fluorescent protein (GFP) reporter gene or an IRES-GFP control

Abbreviations used
AD: Atopic dermatitis

GFP: Green fluorescent protein

HPRT: Hypoxanthine guanine phosphoribosyltransferase

IER: Immediate early response
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alone, as previously described.5 Seven days after transfection, TH cells

were restimulated with PHA and allogeneic PBMCs and expanded

with IL-2 for an additional 14 days.

ELISA and FACS analysis

Cytokine production was determined by using standard methods,

as previously described.8 For ELISA, resting TH cells were stimulated

for 24 hours with 5 lg/mL anti-CD3mAb SPV-T3 (Zymed) bound to

immunobeads (Irvine Scientific) and 5 lg/mL soluble anti-CD28

mAb (Pharmingen). Intracytoplasmic cytokine production was

detected with APC-conjugated mAbs specific for IL-2, TNF-a
(Caltag), IL-4, IL-5, or IFN-c (PharMingen). All cytokine production

measurements were performed in triplicate and are depicted as

averages plus SD. Changes in cytokine production, discussed in the

text as relevant, were statistically significant (P # .05, t test). For

surface receptor expression, TH cellswere stainedwith phycoerythrin-

conjugated mAbs (IL-18R and CXCR3, R&D; IL-12Rb2, Phar-
mingen). FACS analysis was performed on viable cells by means of

combined gating with forward light and side light scatter parameters

and exclusion of propidium iodideepositive cells on a FACSCalibur
cytometer by using CellQuest software (BectonDickinson).

Microarray data analysis

T-betetransfected and control TH2 cells were restimulated with

PHA and irradiated PBMCs for 6 cycles and sorted to a purity of

greater than 99% on the basis of GFP expression. TH cells were left

either unstimulated or were stimulated with anti-CD3 and anti-CD28

mAbs for 4 hours. Total cellular RNA was prepared by using the

Qiagen RNeasy Midi-Kit (Qiagen). RNA processing and hybridiza-

tion to the Affymetrix gene chip HG-U133A (Affymetrix, www.

affymetrix.com) was performed according to the manufacturer’s

recommendations. Microarray data were analyzed by using

Genespring 5.0 software (Silicon Genetics). Gene expression values

lower than zero were set to zero, and then all expression values were

normalized per chip to the 50th percentile. Expression of the

housekeeping gene hypoxanthine guanine phosphoribosyltransferase

FIG 1. Ectopic expression of T-bet in human TH2 cells derived from

the skin of patients with AD. A, TH2 cells were transfected with

a retroviral construct coexpressing human T-bet and GFP (T-bet) or

with GFP alone (control). B, Representative intracytoplasmic

staining showing the percentages of IFN-ce and IL-4eproducing

cells in the GFP-negative and GFP-positive fractions of control- and

T-betetransfected TH2 cells.
(HPRT) was almost equal in all samples, and thus all genes per chip

were normalized to HPRT. For the purpose of this study, only fully

annotated gene transcripts were considered. The analysis was further

restricted to genes expressedwith aminimumnormalized value of 0.1

and flagged as present in at least 2 of 4 samples.

Real-time PCR

Total cellular RNAwas prepared as above. PCRwas performed on

a GeneAmp 9600 Thermocycler (Perkin Elmer) by using gene-

specific primers and probes (Table E1 in the Journal’s Online

Repository at www.mosby.com/jaci). Primers and probes were

designed by using PrimerExpress Software (Applied Biosystems).

Amplification was performed by using the following settings: 2

minutes at 508C, 30 minutes at 608C, and 5 minutes at 958C, followed

by 40 cycles of 20 seconds at 948C and 1 minute at 628C.

Analysis of intracellular calciummobilization

TH2 cells derived from skin of patients with AD were used 2 to

3 weeks after restimulation. Cells were loaded with Fluo-4/

acethoxymethyl ester (Eubio-Molecular Probes) according to the

manufacturer’s instructions and plated in 50-lL units at 43 105 cells/

well (96-well Costar Viewplates). After 20 minutes’ incubation at

room temperature, Ca2+ mobilization was quantified by means of

fluorescence reading on a FLEXstation (Molecular Devices) and

analyzed by using SOFTMax Pro software.

Transwell migration assay

Aliquots of 53106/mL TH cells (100 lL/well) were plated in the

top chambers of Transwell plates (Costar, catalog no. 3421), and

lower chambers contained the chemokine in RPMI medium with

0.5% BSA and neutralizing anti-chemokine antibodies where

indicated. Plates were incubated at 378C for 3 hours, and specific

migration was assessed by means of FACS analysis and expressed as

a percentage of input cells.

RESULTS

T-bet modulates the expression of IFN-g and
IL-5, but not that of IL-4, in polarized human
TH2 cells independently of IL-12

Human TH2 cell lines, producing large amounts of TH2
cytokines but only little IFN-c,8 were isolated from skin
lesions of patients with AD and transfected with a retro-
virus coexpressing human T-bet and GFP (Fig 1, A). This
method resulted in productive infection of up to 10% of
the TH2 cells, as assessed by means of GFP reporter gene
expression. The T-betetransfected TH cell population was
kept in culture together with the untransfected counterpart
to avoid additional skewing from the autocrine release of
TH1 cytokines (eg, IFN-c by transfected cells). Analysis
of cytokine production at the single-cell level demon-
strated that IFN-c was specifically induced in the T-
betetransfected population but not in the cocultured,
untransfected cell pool (Fig 1, B, and Fig 2), which
indicates that IFN-c production by TH2 cells was a direct
effect of T-bet. In addition, T-bet transfection reduced the
percentage of IL-5eproducing TH cells but did not
suppress the expression of IL-2 or IL-4. These effects
were specific because the percentages of the different
cytokine-expressing cells in the GFP-positive and GFP-
negative fractions of TH2 cells transfected with a control
vector did not change. Furthermore, these results were not
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FIG 2. Cytokine production of T-betetransfected TH2 cells. T-bete and control-transfected TH2 cells were

restimulated under neutral conditions or in the presence of 0.5 lg/mL antieIL-12 mAb or 5 ng/mL recombinant

IL-12, as indicated. Resting TH cells were stimulated with anti-CD3 plus anti-CD28 mAbs and analyzed for

cytokine production by means of intracellular FACS staining (gating on transfected: GFPpos, filled bars; and

untransfected: GFPneg, open bars; populations as shown in Fig 1, B). Average fluorescence intensity values

are indicated inside of each bar.
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mediated by IL-12 produced by the feeder PBMC pop-
ulation because addition of exogenous IL-12 or neutral-
izing antieIL-12 mAb provided similar results (Fig 2).

To exclude that IL-4 production in an allergic setting
might not be reversible with T-bet (eg, because of altered
transcription factor binding to the IL-4 promoter9 or
genetic polymorphisms10), we tested the influence of T-
bet on TH cells from nonatopic individuals. T-bet strongly
induced IFN-c and repressed IL-5 production in TH0 cells
derived from peripheral blood of healthy donors but did
not change IL-4 expression by these cells (Fig E1 in the
Journal’s Online Repository at www.mosby.com/jaci).
Together, these results indicate that T-bet does not directly
inhibit IL-4 production in human TH cells.

T-bet induces expression of CXCR3 and
IL-12Rb2, but not of IL-18R

Next we examined the expression levels of IL-18R,
IL-12Rb2, and CXCR3 in T-betetransfected TH2 cells
(Fig 3, A). CXCR3 and IL-18R expression was assessed
in resting TH cells, whereas IL-12Rb2 expression was
measured after stimulation with anti-CD3 and anti-CD28
mAbs. T-bet transfection in TH2 cells induced CXCR3
and IL-12Rb2 (Fig 3, A). In contrast, IL-18R induction
required sustained T-bet expression over 2 cycles of
stimulation with PHA and allogeneic PBMCs, and IL-18R
induction was blocked by using addition of neutralizing
antieIL-12 mAbs (Fig 3, B). Together, these data indicate
that IL-18R expression was due to the increased IL-12
responsiveness of T-betetransfected TH2 cells (Fig 3, B).
Accordingly, addition of exogenous IL-12 to the system
enhanced IL-18R expression on T-bet transfectants,
whereas the induction of CXCR3 was independent of
exogenous IL-12 or antieIL-12 mAbs (Fig 3, B).

Sustained expression of T-bet in polarized
human TH2 cells induces TH1 cytokines and
represses TH2 cytokines

The differential effects of T-bet on the expression of
IL-12R and IL-18R prompted us to investigate whether
sustained T-bet expression would induce a stronger TH1
cytokine phenotype. To this end, T-bete and control-
transfected TH2 cells were expanded over 6 cycles of
restimulation and sorted to a purity of greater than 99%
GFP-positive cells for determination of total cytokine
production by means of ELISA. In addition to the
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FIG 3. T-bet induces CXCR3 and IL-12Rb2, but not IL-18R, on TH2 cells. A, Expression of CXCR3 and IL-12Rb2
on TH2 cells 7 days after transfection with control or T-bet vectors was analyzed by using FACS on resting

(CXCR3) or activated (IL-12Rb2) cells. Dotted-slim lines represent isotype staining. B, IL-18R and CXCR3

expression on TH2 cells transfected with indicated vectors after 2 cycles of stimulation in the presence of

neutralizing antieIL-12 mAbs or recombinant human IL-12.
enhancement of IFN-c and the suppression of IL-5,
sustained T-bet expression also repressed IL-4 and IL-13
production and induced the expression of IL-2 and TNF-a
(Fig 4, A). These results were confirmed by means of
intracellular FACS analysis. Sustained T-bet expression
also reduced the percentage of IL-4eproducing cells and
simultaneously increased the percentage of IL-2 and TNF-
a producers (Fig 4,A). In addition, themRNA levels of the
transcription factors c-maf and GATA-3, which regulate
IL-4 and IL-5 production, were significantly lower in
T-bet transfectants than in the vector control population
(Fig 4, B).

Microarray analysis of genes modulated
by sustained expression of T-bet
in human TH2 cells

T-bet or control transfected cells were stimulated (stim)
with anti-CD3 and anti-CD28 mAb or left unstimulated
(unstim), and subsequently, their mRNA transcripts were
analyzed with an Affymetrix U133A oligonucleotide
microarray. Only defined gene transcripts that yielded
clearly detectable signals on the microarray were included
in the analysis. Because the most striking changes induced
by T-bet expression in TH2 cells were induction of IFN-c
and CXCR3 and repression of IL-5, we classified the
microarray data into 3 categories: genes regulated like
IFNG (T-betstim/controlstim >3 and T-betstim/T-betunst >3;
Fig 5, A), genes regulated like CXCR3 (T-betstim/
controlstim >3 and T-betunst/controlunst >3; Fig 5, B), and
genes regulated like IL5 (controlstim/T-betstim >3 and
controlstim/controlunst >3; Fig 5, C).

In agreement with ELISA and FACS data (Figs 3 and
4), IL-2, TNF-a, and IL-12Rb2 were found to be strongly
upregulated at the mRNA level (Fig 5, A). The adaptor
proteins GADD45-b (Fig 5, A) and GADD45-c (2-fold
induction, not shown), which are involved in IL-12e
dependent signal transduction, were clearly induced by
T-bet. The immediate early response gene (IER3) has
been demonstrated to protect cells from TNF-ae and
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Fas-mediated cell death,11 and thus the strong expression
of IER3 in T-bet transfectants (Fig 5, A) suggests a role for
IER3 counteracting the apoptotic effects of Fas ligand and
TNF-a, which were both strongly upregulated in T-
betetransfected cells. CD30L/CD153 is another member
of the TNF family that was upregulated by T-bet (Fig 5, A)
and that has been recently reported to be implicated in the
generation of antiviral TH1 responses.12

After T-cell activation, T-bet transfectants down-
regulated the costimulatory molecule OX40 and the CC
chemokine I-309/CCL1. Both molecules have been asso-
ciated with TH2 responses, and therefore their suppression
further confirms the redirection of the T-betetransfected
TH2 cells toward a TH1 phenotype. Furthermore, in-
dependent of cell stimulation, T-bet transfection induced
the expression of several surface molecules that have been
reported to be preferentially expressed on TH1 cells (IL-
18R, IL-18RAcP, CD7,13 CD26,14 and CD27,15) or TH1
functions, such as granzymes B and K.16 T-bet trans-
fection also induced the expression of a series of chemo-
kine receptors that are normally found on TH1 cells3,17,18

(CXCR3, CCR5, CXCR6, and CCR1; Fig 5, B) and
simultaneously repressed the expression of typically TH2-
related receptors,3,4 such as CCR3, CCR8, and CRTH2
(data not shown).

Sustained expression of T-bet in TH2 cells
results in a reversal of their chemokine
receptor repertoire

Determination of mRNA levels by means of quantita-
tive real-time PCR confirmed the induction of TH1-
associated chemokine receptors (CXCR3, CXCR6, and
CCR5) and the concurrent suppression of TH2-associated
receptors (CRTH2, CCR3, and CCR8) in T-bete
transfected TH2 cells (Fig 6, A). The relevance of these
findings was proved in functional assays. The Ca2+ flux
responses elicited by both CCR5 and CXCR6 ligands
were only marginally higher in T-bet transfectants than
in the control population (data not shown). However, the
responses to the CXCR3 ligands IP-10/CXCL10 (not
shown) and ITAC/CXCL11were strongly increased in the
T-betetransfected cell population (Fig 6, B). Conse-
quently, T-betetransfected TH2 cells displayed a strong
CXCR3-dependent migratory response in vitro (Fig 6, C).
The CXCR3-mediated migration of T-betetransfected
TH2 cells was specific because it could be blocked by
neutralizing anti-CXCL11 mAbs, and both control trans-
fected and untransfected TH2 cells did not display any
significant response in the same transwell assay.

Together, these results indicate that ectopic T-bet ex-
pression not only modifies the cytokine secretion pattern
of TH2 cells but also reprograms the chemokine receptor
pattern of these cells.

DISCUSSION

In this study we have shown that transfection of T-
bet into polarized human TH2 cells isolated from skin
biopsy specimens of patients with AD induces IFN-c and
represses IL-5, but not IL-4, production. These results
were independent of IL-12, and this was in contrast to IL-
18R expression, which required T-betemediated IL-12
responsiveness. Sustained T-bet expression in human TH2
cells not only suppressed IL-5 expression but also IL-4
and IL-13 expression. Thus far there is no evidence that T-
bet binds directly to the promoter of IL-4 or IL-5. Thus the
most likely mechanism by which T-bet mediated the
suppression of these cytokines is through decreased
activity of the TH2 transcription factors c-maf and
GATA-3. Indeed, c-maf and GATA-3 levels were
decreased in T-betetransfected TH2 cells. In addition,

FIG 4. Sustained expression of T-bet in human TH2 cells derived

from the skin of patients with AD revert their cytokine production

profile. A, TH2 cells were infected as indicated, restimulated with

PHA and irradiated PBMCs for 6 cycles, sorted to a purity of greater

than 99% of GFP-positive TH cells, and stimulated with anti-CD3

plus anti-CD28 mAbs. Cytokine production was determined by

means of ELISA (overnight stimulation) or intracellular FACS

staining (5 hours of stimulation). B, GATA-3 and c-maf expression

levels were determined by means of quantitative real-time PCR.

Bars represent average percentages of indicated transcripts

equilibrated according to the housekeeping gene encoding

hypoxanthine guanine phosphoribosyltransferase.
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FIG 5. Microarray analysis of gene expression after sustained T-bet expression in human TH2 cells. TH2 cells

were treated as described in Fig 4, and mRNA was analyzed by using an Affymetrix U133A oligonucleotide

microarray chip. Genes were grouped into 3 categories: genes regulated like IFNG (A), genes regulated like

CXCR3 (B), and genes regulated like IL5 (C). Relative expression was normalized to the expression of HPRT

(defined as 1) and is represented by a color code. Genbank accession numbers for the transcripts are indicated

in the left column.
sustained T-bet expression induced the production of IL-2
and TNF-a by TH2 cells. This further conversion of the
cytokine profile was not caused by the IFN-c secreted by
T-betetransfected TH2 cells because addition of
antieIFN-c mAb did not have any effect (not shown).
Furthermore, the expression of IFN-c receptor 2, which
has been described to be extinguished in TH1 cells,

19 was
absent from TH2 cells after sustained T-bet expression
(data not shown), making a regulatory role of autocrine
IFN-c in this study highly unlikely. An important
difference between our results and those reported in the
murine system is the induction of IL-2 by sustained T-bet
expression in human TH2 cells. T-bet was found as
a transcription factor that suppressed IL2 mRNA.5 How-
ever, the observation that human TH1 cells coexpress high
amounts of IFN-c, IL-2, and TNF-a (data not shown)
suggest that T-bet might be permissive for IL-2 production
in human cells. This notion is supported by the fact that
T-bet transfection also induced IL-2 production by
Jurkat cells (Fig E2 in the Journal’s Online Repository
at www.mosby.com/jaci).

To extend the analysis on expression changes induced
by sustained T-bet expression in human TH2 cells, we
performed a DNA microarray experiment. Thus far,
studies investigating differential gene expression in
human TH1 and TH2 cells have displayed a high degree
of heterogeneity.20-22 This can be partially attributed to
the bimodal role of IL-12 used to polarize TH cells,
which has an additional effect on gene transcription.20

Our results demonstrate that T-bet induces the expres-
sion of IL-12Rb2 chain and other factors, such as
GADD45b/c, which is involved in IL-12 signaling. Thus
the effects on gene transcription mediated by T-bet
merge during TH1 cell polarization with those mediated
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FIG 6. Sustained expression of T-bet in human TH2 cells reverses their chemokine receptor expression pattern.

A, The expression of CCR5, CXCR3, CXCR6, CCR3, CCR8, and CRTH2 was analyzed with quantitative real-time

PCR, as in Fig 4. B, Intracellular calcium mobilization in T-bete or control-transfected TH2 cells by the CXCR3

ligand CXCL11. Two replica wells for each condition are shown. C, Dose-dependent transwell migration of

untransfected or transfected (T-bet or control) TH2 cells toward CXCL11. Bars represent average percentages

plus SD of migrating of cells. Asterisks indicate significant migration (P< .05) in respect to corresponding null

chemokine condition.
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by the increased responsiveness to IL-12. In particular,

we noted the induction of genes involved in 4 key
features of TH1 cell differentiation: genes involved in
TH1 polarization (eg, IL12RB2, GADD45B/G, IL18R,
and IL18RAcP), genes associated with TH1 cytokine
responses (IFNG, IL2, and TNFA), genes regulating cell
death and apoptosis (Fas ligand, granzymes, and IER3),
and genes controlling TH1 migratory behavior (CCR5,
CXCR3, and CXCR6). Simultaneous to the upregulation
of TH1-associated chemokine receptors, T-bet down-
regulated the expression of TH2-related chemokine
receptors, such as CCR3 and CCR8. In addition, T-bet
also downregulated the expression of CRTH2, which is
generally accepted as a TH2-associated marker.23,24

Interestingly, CCR4 was not downregulated (not shown)
in agreement with recent data demonstrating the
coexpression of CCR4 and CXCR3,25 particularly in
skin-infiltrating TH1 cell populations,26 such as those
involved in psoriasis.27 This notion was further
supported by the fact that T-betetransfected TH2 cells
readily migrated in vitro in response to CXCR3 ligands
(Fig 6, C) without losing CCR4 responsiveness (not
shown).

Thus sustained T-bet expression in human TH2 cells
derived from the skin of patients with AD not only affects
the cytokine production profile of these cells but also
reverts their chemokine receptor repertoire, conferring a
novel migratory potential.

We thank Frank Staedtler, Nicole Hartmann, and Markus Jaritz

for microarray data analysis.



J ALLERGY CLIN IMMUNOL

MAY 2004

994 Lametschwandtner et al

B
a
sic

a
n
d
clin

ica
lim

m
u
n
o
lo
g
y

REFERENCES

1. Murphy KM, Reiner SL. The lineage decisions of helper T cells. Nat Rev

Immunol 2002;12:933-44.

2. Szabo SJ, Sullivan BM, Peng SL, Glimcher LH. Molecular mechanisms

regulating Th1 immune responses. Annu Rev Immunol 2003;21:713-58.

3. Moser B, Loetscher P. Lymphocyte traffic control by chemokines. Nat

Immunol 2001;2:123-8.

4. Iwasaki M, Nagata K, Takano S, Takahashi K, Ishii N, Ikezawa Z.

Association of a new-type prostaglandin D2 receptor CRTH2 with

circulating T helper 2 cells in patients with atopic dermatitis. J Invest

Dermatol 2002;119:609-16.

5. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman XG, Glimcher LH.

A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell

2000;100:655-69.

6. Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, et al.

T-bet is a STAT1-induced regulator of IL-12R expression in naive CD4+

T cells. Nat Immunol 2002;3:549-57.

7. Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FH.

Development of spontaneous airway changes consistent with human

asthma in mice lacking T-bet. Science 2002;295:336-8.

8. Carballido JM, Aversa G, Kaltoft K, Cocks BG, Punnonen J, Yssel H,

et al. Reversal of human allergic T helper 2 responses by engagement of

signaling lymphocytic activation molecule. J Immunol 1997;159:

4316-21.

9. Chan SC, Brown MA, Willcox TM, Li SH, Stevens SR, Tara D, et al.

Abnormal IL-4 gene expression by atopic dermatitis T lymphocytes is

reflected in altered nuclear protein interactions with IL-4 transcriptional

regulatory element 4. J Invest Dermatol 1996;106:1131-6.

10. Song Z, Casolaro V, Chen R, Georas SN, Monos D, Ono SJ.

Polymorphic nucleotides within the human IL-4 promoter that mediate

overexpression of the gene. J Immunol 1996;156:424-9.

11. Zhang Y, Schlossman SF, Edwards RA, Ou CN, Gu J, Wu MX.

Impaired apoptosis, extended duration of immune responses, and a lupus-

like autoimmune disease in IEX-1-transgenic mice. Proc Natl Acad Sci

U S A 2002;99:878-83.

12. Saraiva MP, Smith P, Fallon PG, Alcami A. Inhibition of type 1

cytokine-mediated inflammation by a soluble CD30 homologue encoded

by ectromelia (mousepox) virus. J Exp Med 2002;196:829-39.

13. Autran B, Legac E, Blanc C, Debre P. A Th0/Th2-like function of

CD4+CD7- T helper cells from normal donors and HIV-infected

patients. J Immunol 1995;154:1408-17.

14. Willheim M, Ebner C, Baier K, Kern W, Schrattbauer K, Thien R, et al.

Cell surface characterization of T lymphocytes and allergen-specific T

cell clones: correlation of CD26 expression with T(H1) subsets. J Allergy

Clin Immunol 1997;100:348-55.
15. Elson LH, Nutman TB, Metcalfe DD, Prussin C. Flow cytometric

analysis for cytokine production identifies T helper 1, T helper 2, and

T helper 0 cells within the human CD4+CD27- lymphocyte

subpopulation. J Immunol 1995;154:4294-301.

16. Khanolkar A, Yagita H, Cannon MJ. Preferential utilization of the

perforin/granzyme pathway for lysis of Epstein-Barr virus-transformed

lymphoblastoid cells by virus-specific CD4+ T cells. Virology 2001;287:

79-88.

17. Kim CH, Kunkel EJ, Boisvert J, Johnston B, Campbell JJ, Genovese

MC, et al. Bonzo/CXCR6 expression defines type 1-polarized T-cell

subsets with extralymphoid tissue homing potential. J Clin Invest 2001;

107:595-601.

18. Colantonio L, Iellem A, Clissi B, Pardi R, Rogge L, Sinigaglia F, et al.

Upregulation of integrin alpha6/beta1 and chemokine receptor CCR1 by

interleukin-12 promotes the migration of human type 1 helper T cells.

Blood 1999;94:2981-9.

19. Pernis A, Gupta S, Gollob KJ, Garfein E, Coffman RL, Schindler C,

et al. Lack of interferon gamma receptor beta chain and the prevention

of interferon gamma signaling in TH1 cells. Science 1995;269:245-7.

20. Rogge L, Bianchi E, Biffi M, Bono E, Chang SY, Alexander C, et al.

Transcript imaging of the development of human T helper cells using

oligonucleotide arrays. Nat Genet 2000;25:96-101.

21. Hamalainen H, Zhou H, Chou W, Hashizume H, Heller R, Lahesmaa R.

Distinct gene expression profiles of human type 1 and type 2 T helper

cells. Genome Biol 2001;2:RESEARCH0022. Epub 2001 Jun 21.

22. Nagai S, Hashimoto S, Yamashita T, Toyoda N, Satoh T, Suzuki T.

Comprehensive gene expression profile of human activated T(h)1- and

T(h)2-polarized cells. Int Immunol 2001;13:367-76.

23. Messi M, Giacchetto I, Nagata K, Lanzavecchia A, Natoli G, Sallusto F.

Memory and flexibility of cytokine gene expression as separable properties

of human T(H)1 and T(H)2 lymphocytes. Nat Immunol 2003;4:78-86.

24. Annunziato F, Cosmi L, Manetti R, Brugnolo F, Parronchi P, Maggi E,

et al. Reversal of human allergen-specific CRTH2+ T(H)2 cells by IL-12

or the PS-DSP30 oligodeoxynucleotide. J Allergy Clin Immunol 2001;

108:815-21.

25. Kim CH, Rott L, Kunkel EJ, Genovese MC, Andrew DP, Wu L, et al.

Rules of chemokine receptor association with T cell polarization in vivo.

J Clin Invest 2001;108:1331-9.

26. Campbell JJ, Haraldsen G, Pan J, Rottman J, Qin S, Ponath P, et al. The

chemokine receptor CCR4 in vascular recognition by cutaneous but not

intestinal memory T cells. Nature 1999;400:776-80.

27. Andrew DP, Ruffing N, Kim CH, Miao W, Heath H, Li Y, et al. C-C

chemokine receptor 4 expression defines a major subset of circulating

nonintestinal memory T cells of both Th1 and Th2 potential. J Immunol

2001;166:103-11.


	Sustained T-bet expression confers polarized human TH 2 cells with TH 1-like cytokine production and migratory capacities
	METHODS
	T-cell isolation and retroviral infection
	ELISA and FACS analysis
	Microarray data analysis
	Real-time PCR
	Analysis of intracellular calcium mobilization
	Transwell migration assay

	RESULTS
	T-bet modulates the expression of IFN-gamma and IL-5, but not that of IL-4, in polarized human TH2 cells independently of...
	T-bet induces expression of CXCR3 and IL-12R 2, but not of IL-18R
	Sustained expression of T-bet in polarized human TH 2 cells induces TH 1 cytokines and represses TH 2 cytokines
	Microarray analysis of genes modulated by sustained expression of T-bet in human TH 2 cells
	Sustained expression of T-bet in TH 2 cells results in a reversal of their chemokine receptor repertoire

	DISCUSSION
	REFERENCES


