
Transforming growth factor-b1 enhances the interferon-c-dependent,
interleukin-12-independent pathway of T helper 1 cell differentiation

Introduction

The factors that drive T-cell differentiation have been

studied extensively, and among T helper cells two primary

subsets have been extensively characterized based on their

cytokine-secretion patterns. T helper 1 (Th1) cells develop

in the presence of interleukin (IL)-12/interferon (IFN)-ab
and signal transducer and activator of transcription

(STAT)-4 signalling, and secrete mainly IFN-c.1 Other fac-
tors, such as IL-23/IL-27, have recently been shown to be

cofactors in IL-12-driven Th1 differentiation/expansion.2,3

T helper 2 (Th2) cells develop in the presence of IL-4 and

STAT-6 signalling, and secrete mainly IL-4, but also IL-5,

IL-13 and IL-10.4 We have previously shown that IFN-c
can also prime Th1 cells independent of IL-12, but only in

the absence of IL-4.5 At the molecular level, Th1 cells have

been shown to express the transcription factor, T-bet,6

while Th2 cells have been shown to express GATA-3,

c-maf and others.7,8 While Th2 cells secrete IL-4 in

response to T-cell receptor (TCR) stimulation, Th1 cells

can secrete IFN-c via two biochemically distinct pathways:

in the first, they secrete IFN-c after stimulation through

their TCR; in the second, they secrete high levels of IFN-c
after stimulation with the combination of IL-12 and IL-

18, two cytokines that are strongly associated with the

generation of Th1 responses. This second pathway is anti-

gen-independent and resistant to cyclosporin treatment,9

which has important implications for inflammatory dis-

eases where large numbers of activated, antigen-non-speci-

fic T cells are recruited to inflammatory sites. The ability

of IL-12 plus IL-18 to stimulate high levels of IFN-c pro-

duction correlates with high levels of IL-12 receptor (IL-

12R)-b2 and IL-18Ra expression.5 We have previously

shown that IL-4 plays a major role in regulating both IL-

12 and IL-18 responsiveness during T-cell differenti-

ation.5,10 In the presence of IL-4, both IL-12 and IFN-c
were found to be required for effective Th1 development,

as neither IL-12 nor IFN-c alone was sufficient for Th1
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Summary

Transforming growth factor (TGF)-b, a pleiotropic cytokine that has mul-

tiple effects on immune responses, has been shown to inhibit interleukin

(IL)-4/GATA-3 expression as well as T helper 2 (Th2) differentiation.

Consistent with these reports, we found that priming T cells from

DO11.10 transgenic mice with antigen in the presence of TGF-b inhibited

GATA-3 expression and the development of IL-4-producing T cells.

Unexpectedly, the inhibition of Th2 development was accompanied by a

substantial increase in the number of interferon-c (IFN-c)-producing
cells. T cells primed with TGF-b secreted IFN-c in response to both T-cell

receptor ligation and IL-12/IL-18 stimulation, and expressed high levels of

T-bet and low levels of GATA-3. The TGF-b-mediated enhancement of

T helper 1 (Th1) priming was independent of IL-12 and signal transducer

and activator of transcription (STAT)-4, but required endogenous IFN-c.
TGF-b-mediated enhancement of the IFN-c-dependent, IL-12-independent
pathway of Th1 priming was mediated primarily by the inhibition of IL-4

produced by memory/activated T cells in the unfractionated CD4+

responder population. Nevertheless, TGF-b did not inhibit this pathway

of Th1 differentiation when purified naive CD4+ T cells were used as

responders. These data have important implications for strategies being

considered for the use of TGF-b-producing T cells for the treatment of

autoimmune disorders.
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cell priming. In the absence of IL-4, however, either IL-12

or IFN-c alone was sufficient to elicit IFN-c-producing
cells and supported the existence of an IL-12/STAT-4-

independent pathway of Th1 cell development.

Transforming growth factor-b (TGF-b) is a pleiotropic

cytokine produced by various cells, with multiple effects

on the immune response depending on the local environ-

ment in which it is produced, the cell types present, and

the relative concentration of TGF-b.11 The effects of

TGF-b on the immune response have mostly been des-

cribed as inhibitory. In addition to interfering with anti-

gen-presenting cell (APC) functions, TGF-b can inhibit

T-cell proliferation by directly inhibiting IL-2 production,

IL-2R expression and IL-2R responsiveness.12 Cytotoxic

T-lymphocyte antigen-4 (CTLA-4)-mediated inhibition of

T-cell responses may be mediated, in part, via the induc-

tion of TGF-b,13 although this remains controversial.14

Regulation of T-cell responses by TGF-b produced by

regulatory T cells has also not been resolved.15,16 Further-

more, TGF-b can inhibit Th1 and Th2 differentiation

in vitro. In particular, TGF-b can inhibit Th2 develop-

ment via inhibition of IL-4 and/or GATA-3 expres-

sion.17,18 The effects of TGF-b on Th1 development are

less clear. While some reports have described an inhibi-

tory effect of TGF-b on Th1 development,17,18 others

have described a Th1-promoting effect.19–22

The goal of the present study was to clarify the role of

TGF-b in the development of Th1 responses induced via

the IL-12-dependent pathway or by the IFN-c-dependent,
IL-12-independent pathway. As reported previously,17,18

the priming of T cells in the presence of TGF-b inhibited

both GATA-3 and IL-4 expression. Surprisingly, we found

that these T cells developed into Th1 cells that secreted

high levels of IFN-c after both TCR and IL-12/IL-18 sti-

mulation. The enhancing effect of TGF-b on the develop-

ment of IFN-c-producing cells was independent of both

IL-12 and STAT-4, but required IFN-c and was primarily

mediated by inhibiting IL-4 production by endogenous

memory T cells. Collectively, these results demonstrate

that TGF-b may actually exacerbate Th1/inflammatory

responses and warrant caution when considering TGF-b
or TGF-b-producing T cells as a therapy for complex

autoimmune diseases.

Materials and methods

Animals

Female C57BL/6, C57BL/6 IL-12 p40 deficient (–/–), and

C57BL/6 IFN-c–/– mice were obtained from Taconic

Farms (Germantown, PA) and used at 6–10 weeks of

age. Female DO11.10 transgenic mice expressing a TCR

transgene specific for ovalbumin (OVA) peptide on the

BALB/c background were also obtained from Taconic and

used at 6–10 weeks of age. DO11.10·RAG-2–/– mice were

obtained from Dr Giles Foucras (NIH, Bethesda, MD).

Female STAT-4–/– (C129S2-Stat4) mice on the BALB/c

background were obtained from Jackson Laboratories

(Bar Harbor, ME). All animals had been backcrossed

more than 12 generations prior to use. Age-matched

and gender-matched BALB/c mice were obtained from

NCI (Frederick, MD) and used at 6–10 weeks of age. All

animals were housed under specific pathogen-free condi-

tions and provided with food and water ad libitum.

Animals were maintained according to NIH Animal Care

Guidelines.

Priming conditions

CD4+ T cells were isolated from the spleens of mice by

positive selection using autoMACS magnetic separation

(Miltenyi Biotech, Auburn, CA). A total of 2 · 105/ml

CD4+ T cells were stimulated in vitro for 5 days with sol-

uble anti-CD3 (2C11, 0�5 mg/ml; Pharmingen, San Diego,

CA) and irradiated T-depleted spleen cells as APC

(1 · 106/ml); alternatively, CD4+ T cells were stimulated

in vitro for 7 days with irradiated T-depleted APC and

1 lm OVA peptide in media supplemented with IL-2

[100 U/ml recombinant human (rhu) IL-2], 10% (v/v)

fetal bovine serum, 2 mm l-glutamine, 100 U/ml penicil-

lin/100 lg/ml streptomycin, and 50 lm b-mercaptoetha-

nol. An equal volume of fresh IL-2 media was added on

day 4. rhuTGF-b1 (R & D, Minneapolis, MN) was used

at final concentrations of 1 or 10 ng/ml. Anti-IFN-c
(XMG 1.2) and anti-IL-12p40 (C17.8) were used at a

concentration of 10 lg/ml. The concentrations of

cytokines used were based on prior experiments that

demonstrated biological potency in vitro.

Intracellular cytokine staining

After 1 week of culture, T cells were harvested, washed

and resuspended in fresh IL-2 media. Cells were stimula-

ted (1–2 · 106) for 6–12 hr in 12-well plates with immo-

bilized anti-CD3 (2C11, 5 lg/ml), and 2 lm Monensin

was added for the final 4 hr of culture. Alternatively,

primed T cells (1–2 · 106) were stimulated for 8–12 hr in

24-well round-bottom plates with IL-2 only (20 U/ml),

IL-12 only (10 ng/ml), IL-18 (30 ng/ml) only, or both IL-

12 and IL-18. Monensin was added to each well, as des-

cribed above. Both anti-CD3 and cytokine-stimulated cells

were harvested, washed and incubated with anti-CD16/32

to block Fc receptor binding. Cells were then stained with

fluorescein isothiocyanate (FITC)-conjugated anti-CD4

for 10 min, washed, then fixed with 100 ml of fluores-

cence-activated cell sorter (FACS) fixative [phosphate-

buffered saline (PBS) containing 1% (w/v) bovine serum

albumin (BSA), 4% paraformaldehyde (PFA) (w/v), and

0�01% (w/v) NaN3] for 5 min at 37�. After washing in

PBS, the cells were resuspended in permeabilization buffer
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[0�1% (w/v) saponin in PBS/BSA] containing rat anti-

mouse IFN-c-APC (Pharmingen) and rat anti-mouse

IL-4-conjugated phycoerythrin (PE) (Pharmingen) and

incubated for 15–20 min. Cells were then washed in PBS,

and analysis was performed by using cellquest software.

Analysis of GATA-3 and T-bet expression in T cells

To perform a quantitative analysis of the expression of

both GATA-3 and T-bet, CD4+ T cells were primed, as

described above, under neutral conditions (i.e. no anti-

bodies or cytokines were added to cultures), but

with TGF-b (10 ng/ml), Th1 (IL-12, anti-IL-4), or Th2

(IL-4, anti-IL-12, anti-IFN-c) conditions. After 5 days of

culture, cells were washed and lysed by using RNAzol.

RNA was isolated by chloroform extraction, followed by

precipitation with isopropanol, and washed in 75% (v/v)

ethanol. The purity of RNA was confirmed by measuring

the relative absorbances of the RNA at 260 and 280 nm

and calculation of the 260/280 ratio. A 2-lg sample of

RNA was converted to cDNA by using first-strand cDNA

synthesis and reverse transcriptase. Analysis of GATA-3

and T-bet expression was performed by real-time poly-

merase chain reaction (PCR) using GATA-3/T-bet specific

primers. The sequences of the primers and the MGB

probe for GATA-3 are 50-CAGAACCGGCCCCTTATCA-30,

50-CATTAGCGTTCCTCCTCCAGA-30 and 50-FAM-cgaag

gctgtcggca-30, respectively. Primer sequences and the MGB

probe for T-bet are 50-GAGTGTCCCCTGCCCCTTT-30,

50-TCCCTCTGGGTCCAAAACTCT-30 and 50-FAM-ctgc

ccgaactaca-30, respectively. TaqManÆ Ribosomal RNA

Control Reagents for detecting the 18S ribosomal RNA

(VIC MGB Probe) were purchased from PE Applied

Biosystems (Foster City, CA), and analysis was performed

by using sds2�0 software. The levels of GATA-3 and

T-bet are expressed relative to expression of the 18s

ribosomal protein.

Results

TGF-b inhibits Th2 development and enhances
IFN-c production

To determine the effects of TGF-b on T-cell differenti-

ation in vitro, we utilized a culture system in which

DO11.10 TCR transgenic CD4+ T cells were stimulated

with splenic APC and OVA peptide under neutral condi-

tions in the presence of exogenous IL-2, but in the

absence of exogenous polarizing cytokines (IL-4 or

IL-12). After 1 week of culture, the cells were harvested

and their cytokine production determined by intracellular

staining. T cells primed under neutral conditions primar-

ily produced IL-4 after restimulation with anti-CD3

(Fig. 1a, 24% IL-4+ versus 8% IFN-c+), which is consis-

tent with our previous observations. After priming under

neutral conditions, very few IFN-c-producing cells were

detected in response to IL-12 (Fig. 1b, < 1%), IL-18

(Fig. 1c, < 1%), or IL-12/IL-18 (Fig. 1d, 7%). When

TGF-b was added to the priming cultures, a markedly dif-

ferent cytokine production profile was observed upon sec-

ondary challenge. After anti-CD3 stimulation, very few

(2%) IL-4-producing cells were detected and a significant

increase in the number of IFN-c-producing cells (Fig. 1e,

44%) was observed. When cells were primed in the pres-

ence of TGF-b, only low numbers of IFN-c-producing
cells were detected in response to stimulation with either

IL-12 (Fig. 1f, 9%) or IL-18 (Fig. 1g, 6%), but restimula-

tion with the combination of IL-12 and IL-18 led to a

very high number of IFN-c-producing cells (Fig. 1h,

88%). In addition to an increase in the number of

IFN-c-producing cells, we observed a similar increase of

IFN-c in culture supernatants [as detected by enzyme-

linked immunosorbent assay (ELISA)] after restimulation

with IL-12 and IL-18 (data not shown). In titration
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Figure 1. Transforming growth factor-b (TGF-b) inhibits T helper 2

(Th2) development and enhances interferon-c (IFN-c) production.

Purified CD4+ T cells from DO11.10 transgenic mice were cultured

with ovalbumin (OVA) peptide, antigen-presenting cells (APC),

interleukin (IL)-2 (a–h), and TGF-b (e–h) for 1 week. Cells were

subsequently restimulated with immobilized anti-CD3 (a, e), IL-12

(b, f), IL-18 (c, g), or IL-12 + IL-18 (d, h). Cells were then analysed

by fluorescence-activated cell sorting (FACS) for intracellular IL-4

and IFN-c. The quadrants were set with respect to non-activated

cells. The numbers reflect the percentage of CD4+ T cells secreting

cytokine.
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experiments, relatively high concentrations of TGF-b (i.e.

1–10 ng/ml range) were most effective at inducing IFN-c
production (data not shown). These results demonstrate

that TGF-b not only inhibits the development of IL-4-

producing T cells, but also enhances the development of

Th1 cells that produce IFN-c after restimulation by TCR

triggering or by IL-12/IL-18 stimulation.

The enhancement of IFN-c production by TGF-b
is independent of IL-12

The significant increase in the number of IFN-c-produ-
cing cells observed after priming with TGF-b raised the

possibility that TGF-b was increasing IL-12 production,

as IL-12 plays a pivotal role in Th1 development. We

therefore added neutralizing antibody to IL-12 during

the 1-week priming culture period. Anti-IL-12 enhanced

the numbers of IL-4-producing cells and inhibited the

number of IFN-c producers when DO11.10 T cells were

primed under neutral conditions (compare Fig. 2a,2b

with Fig. 1a,1b). The addition of anti-IL-12 had very little

effect on the enhancement of the numbers of IFN-c-
producing cells seen in the presence of TGF-b (compare

Fig. 2c,d with Fig. 2e,f). To rule out the possibility that

we had not completely neutralized endogenous IL-12 pro-

duction with the antibody, we confirmed these results in

C57BL/6 IL-12 p40–/– mice. The addition of TGF-b resul-

ted in a marked reduction in the number of IL-4-produ-

cing cells (compare Fig. 2i with Fig. 2g) and a substantial

increase in the number of IFN-c-producing cells (com-

pare Fig. 2i,2j with Fig. 2g,2h). Thus, the ability of TGF-b
to prime Th1 cells is independent of IL-12. A similar

enhancement of IFN-c-producing cells was seen when

CD4+ T cells were primed in the presence of TGF-b in an

APC-free system, indicating that the target of TGF-b was

the T cell rather than the APC (data not shown).

STAT-4 is not required for TGF-b enhancement
of IFN-c production

A principal intracellular mediator of IL-12 activity is

STAT-4, which translocates to the nucleus and binds to

the IFN-c promoter for induction of IFN-c production.

Although IL-12 has been shown to play no role in the

enhancement of IFN-c production by TGF-b, it is still

possible that STAT-4 participates in the process, as

IFN-ab can activate STAT-4 in human T cells.23 How-

ever, CD4+ T cells from wild-type BALB/c mice and

from BALB/c STAT-4–/– mice demonstrated equivalent

enhancement in the number of IFN-c-producing cells

when primed with anti-CD3 and TGF-b and restimulated

with anti-CD3 (compare Fig. 3a,3c with Fig. 3e,3f).

Although wild-type T cells primed in the presence of

TGF-b also demonstrated an increased number of IFN-c-
producing cells when restimulated with IL-12/IL-18

(Fig. 3b, panel d versus b), as expected CD4+ T cells from

STAT-4–/– mice, primed in the presence or absence of

TGF-b, only produced low numbers of IFN-c-producing
cells (Fig. 3f,3h).

The TGF-b enhancement of IFN-c production
is IFN-c dependent

As we have shown previously that IFN-c is sufficient to

prime IFN-c-producing T cells in the absence of IL-4,5

and TGF-b had inhibitory effects on IL-4 production (this

report), it seemed probable that the enhancement of IFN-

c production by TGF-b was also dependent on IFN-c. To
test this hypothesis, we neutralized endogenous IFN-c
production in cultures primed in the presence of TGF-b.
The addition of TGF-b to the priming of DO11.10 CD4+
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Figure 2. Transforming growth factor-b (TGF-b)-mediated enhance-

ment of interferon-c (IFN-c) production is interleukin (IL)-12-inde-

pendent. Purified CD4+ T cells from DO11.10 transgenic mice (a–f)

and IL-12 p40–/– mice (g–j) were cultured with anti-CD3, antigen-

presenting cells (APC), IL-2 (a–j), TGF-b (c–f, i, j), and anti-IL-12

p40 (e, f) for 1 week. The cells were subsequently restimulated with

either immobilized anti-CD3 (a, c, e, g, i) or IL-12 + IL-18 (b, d, f, h,

j). Cells were then analysed by fluorescence-activated cell sorting

(FACS) for intracellular IL-4 and IFN-c. Numbers reflect the percent-

age of CD4+ T cells secreting cytokine.
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T cells inhibited IL-4 production and markedly enhanced

IFN-c production (compare Fig. 4c,4d with Fig. 4a,4b).

Neutralization of endogenous IFN-c in the priming cul-

tures completely reversed the enhancement of IFN-c pro-

duction seen in the presence of TGF-b (compare Fig. 4e,4f

with Fig. 4c,4d). Thus, the ability of TGF-b to enhance

IFN-c production is IL-12/STAT-4 independent, but IFN-c
dependent.

IFN-c-producing cells primed in the presence
of TGF-b have a decreased expression of GATA-3,
but an increased expression of T-bet

T cells primed in the presence of TGF-b showed

enhanced IFN-c production after restimulation with

either anti-CD3 or the combination of IL-12/IL-18.

Although cells generated under these culture conditions

resembled true Th1 cells, based on cytokine production,

we wished to further characterize them to determine whe-

ther they express transcription factors typically associated

with Th1/Th2 differentiation. CD4+ T cells from DO11.10

mice were primed under Th1 conditions (IL-12 and anti-

IL-4), Th2 conditions (IL-4, anti-IFN-c and anti-IL-12),

with anti-IL-12, or with anti-IL-12 + TGF-b. After 5 days

of culture, the cells were harvested and split into two

groups. The first group was restimulated with anti-CD3

to determine the cytokine profile of the primed cells. The

second group was used for real-time PCR analysis of

GATA-3 and T-bet gene expression. T cells primed under

standard Th1 conditions produced high levels of IFN-c
(Fig. 5a, 69%) and, as expected, expressed low levels of

GATA-3 and high levels of T-bet (Fig. 5e,5f). Con-

versely, T cells primed under Th2 conditons expressed a

high number of IL-4-producing cells after restimulation

with anti-CD3 (Fig. 5b, 28%), and expressed high levels

of GATA-3 (Fig. 5e), but low levels of T-bet (Fig. 5f).

T cells primed in the presence of anti-IL-12 were mainly

IL-4 producers (Fig. 5c, 25%), but a small number of

IFN-c producers was also present (Fig. 5c, 9%). Both

GATA-3 (Fig. 5e) and T-bet (Fig. 5f) were detectable in

this population. However, the addition of TGF-b to cul-

tures primed in the presence of anti-IL-12 resulted in a

marked increase of the number of IFN-c-producing cells

(compare Fig. 5d with Fig. 5c), low levels of GATA-3

(Fig. 5e) and high levels of T-bet (Fig. 5f). Thus, it

appears that Th1 cells primed after culture with TGF-b
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Figure 3. Transforming growth factor-b (TGF-b)-mediated enhance-

ment of cytokine-induced interferon-c (IFN-c) production is STAT-4

independent. Purified CD4+ T cells from BALB/c mice (a–d) and

STAT-4–/– mice (e–h) were cultured with anti-CD3, antigen-present-

ing cells (APC), interleukin (IL)-2 (a–h) or TGF-b (c–d, g–h) for

1 week. The cells were subsequently restimulated with either immobi-

lized anti-CD3 (a, c, e, g) or IL-12 + IL-18 (b, d, f, h). Cells were

then analysed by fluorescence-activated cell sorting (FACS) for intra-

cellular IL-4 and IFN-c. Numbers reflect the percentage of CD4+

T cells secreting cytokine.
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Figure 4. Transforming growth factor-b (TGF-b)-mediated priming

of T helper 1 (Th1) cells is interferon-c (IFN-c) dependent. Purified
CD4+ T cells from DO11.10 transgenic mice (a–f) were cultured with

ovalbumin (OVA), antigen-presenting cells (APC), interleukin (IL)-2

(a–f), TGF-b (c–f), and anti-IFN-c (e–f) for 1 week. The cells were

subsequently restimulated with either immobilized anti-CD3 (a, c, e)

or IL-12 + IL-18 (b, d, f). Cells were then analysed by fluorescence-

activated cell sorting (FACS) for intracellular IL-4 and IFN-c. Num-

bers reflect the percentage of CD4+ T cells secreting cytokine.
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closely resemble Th1 cells generated in the presence of

IL-12.

TGF-b-mediated enhancement of IFN-c production
is primarily indirectly mediated by inhibition
of IL-4 production by endogenous memory/activated
CD4+ T cells

The experiments performed in this study have utilized

CD4+ T cells purified from TCR transgenic DO11.10 mice

maintained on a conventional background that consists of

a mixture of naive and memory T cells. As TGF-b has

been reported to have different effects on naive versus

memory T cells,20 we examined the effects of TGF-b on

the priming of T cells obtained from transgenic mice on

a RAG-2–/– background. T cells from DO11.10·RAG-2–/–

mice primed with APC/OVA and anti-IL-12 devel-

oped solely into IFN-c-producing cells (Fig. 6a,6b). As

previously reported,5 expression of the DO11.10 transgene

on a RAG-2–/– background virtually eliminated the develop-

ment of IL-4-producing cells (Fig. 6a,6b), suggesting that

priming of OVA-specific IL-4-producing T cells in con-

ventional DO11.10 mice is linked to IL-4 production

by endogenous memory T cells. When T cells from

DO11.10·RAG-2–/– mice were primed in the presence of

anti-IL-12, substantial numbers of IFN-c-producing T cells

were generated, but no enhancement in the number of

IFN-c-producing cells was observed in the presence of

TGF-b (Fig. 6). However, it should also be emphasized that

TGF-b did not inhibit the induction of Th1-producing cells

in these cultures. These data support the hypothesis that

TGF-b enhances the priming of Th1 cells primarily by

blocking IL-4 production from previously activated/mem-

ory T cells. Similar results were observed when we repeated

these studies using CD4+ CD62Lhigh T cells from DO11.10

mice maintained on a conventional background (data not

shown).
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Figure 5. Priming with transforming growth factor-b (TGF-b) leads

to decreased GATA-3 and increased T-bet expression. Purified CD4+

T cells from DO11.10 transgenic mice (a–f) were cultured with oval-

bumin (OVA), antigen-presenting cells (APC), interleukin (IL)-2

(a–d), IL-12 + anti-IL-4 (a), IL-4 + anti-IL-12 + anti-interferon-c
(IFN-c) (b), anti-IL-12 (c), or anti-IL-12 + TGF-b (d) for 1 week.

Cells were subsequently restimulated with immobilized anti-CD3

(a–d) and analysed by fluorescence-activated cell sorting (FACS) for

intracellular IL-4 and IFN-c. Numbers reflect the percentage of

CD4+ T cells secreting cytokine. cDNA made from cells in (c) was

subjected to real-time polymerase chain reaction (PCR) using both

GATA-3 and T-bet-specific primers, and the expression of GATA-3

(e) and T-bet (f) was determined. Expression is reported as relative

units compared to 18s expression. Th1, T helper 1; Th2, T helper 2.
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Figure 6. Role of endogenous memory/activated T cells in the

transforming growth factor-b (TGF-b)-mediated enhancement of

interferon-c (IFN-c) production. Purified CD4+ T cells from

DO11.10·RAG-2–/– transgenic mice (a–h) were cultured with oval-

bumin (OVA), antigen-presenting cells (APC), interleukin (IL)-2

(a–h) and TGF-b (c, d, g, h), for 1 week. The cells were subsequently

restimulated with either immobilized anti-CD3 (a, c, e, g) or

IL-12 + IL-18 (b, d, f, h). Cells were then analysed by fluorescence-

activated cell sorting (FACS) for intracellular IL-4 and interferon-c
(IFN-c). Numbers reflect the percentage of CD4+ T cells secreting

cytokine.
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Discussion

TGF-b has been shown to inhibit IL-2 production and

IL-2 responsiveness.12 In addition, TGF-b inhibits T-cell

differentiation/polarization even under conditions in

which exogenous IL-2 is added to the cultures and T-cell

proliferation is normalized. In general, almost all studies

have demonstrated that TGF-b efficiently inhibits the

induction of Th2 responses, even in the presence of exo-

genous IL-4.17,18 However, a clear consensus on the

effects of TGF-b on Th1 differentiation are lacking. Sev-

eral early studies showed that the addition of TGF-b to

unfractionated CD4+ T cells activated by polyclonal T-cell

stimulation led to an enhancement of IFN-c produc-

tion.21 More recent studies, using naive CD4+ T cells,

have shown that TGF-b is able to down-regulate Th1

development in the presence of IL-12.19,20 In the present

report, we have confirmed that TGF-b is a potent inhib-

itor of Th2 differentiation. However, we show that the

inhibition of Th2 differentiation leads to a default path-

way of Th1 differentiation that is IFN-c dependent, but

IL-12 independent. We intentionally used unfractionated

CD4+ T cells in these studies in an attempt to mimic the

physiological situation where TGF-b might be used thera-

peutically to inhibit immune responses in vivo. The pri-

mary effect of TGF-b in enhancing Th1 differentiation

was mediated by inhibiting IL-4 production by memory/

activated T cells in our unfractionated T-cell population,

as TGF-b failed to augment the induction of Th1 differ-

entiation when naive T cells were used as responders.

However, when naive T cells were stimulated in the pres-

ence of anti-IL-12 and TGF-b, Th1 differentiation was

not inhibited, demonstrating complete resistance of the

IFN-c-dependent, IL-12-independent pathway of Th1 dif-

ferentiation to inhibition by TGF-b.
The prevailing paradigm for many years has been that

IL-4 is the principal cytokine for inducing Th2 responses,

while IL-12 plays a similar role in the induction of Th1

responses. However, the identification of the transcription

factor, T-bet, has prompted a re-examination of the

inductive signals for Th1 differentiation.6 Naive T cells do

not express the IL-12R, STAT-4, or T-bet. T-bet appears

to be induced by TCR signals, in concert with IFN-c, by
a STAT-1-dependent process. T-bet subsequently regulates

IL-12 responsiveness by inducing the IL-12Rb2 chain and

IL-12 signalling via STAT-4, which facilitates Th1 develop-

ment. It is still unclear whether full Th1 differentiation

can occur in the absence of IL-12. IL-12–/– mice exhibit a

defect in their ability to mount Th1 responses, but polar-

ized CD4+ Th1 cells, secreting high levels of IFN-c, can be

detected in IL-12–/– mice in response to certain viral infec-

tions.24,25 IL-23 and IL-27 have recently been reported to

prime/enhance Th1 differentiation and IFN-c produc-

tion.2,3 IL-23 consists of the IL-12 p40 subunit paired with

a p19 subunit. Because IL-12 p40–/– mice were used in

these experiments, IL-23 probably does not play a role in

the TGF-b-mediated enhancement of IFN-c. Although

STAT 4–/– mice exhibit a defect in their ability to mount a

Th1 response as the result of disruption of the major

IL-12 signalling pathway, simultaneous disruption of the

STAT-6 gene leads to the development of IFN-c-produ-
cing cells.26 The generation of primed, uncommitted T

cells secreting IL-2, but not IFN-c or IL-4, occurs when

TGF-b and anti-IFN-c are added to cultures.27 Thus, both

in vivo and in vitro, IFN-c alone may be sufficient for the

activation of some Th1 responses.

The inhibitory effects of TGF-b on the induction of

IL-4-driven Th2 differentiation and IL-12-driven Th1 dif-

ferentiation appear to be mediated by inhibiting the

induction of GATA-3 and T-bet, respectively.17,19 T cells

ectopically expressing GATA-3 were markedly resistant to

the inhibitory effects of TGF-b. Similarly, restoration of

T-bet expression alone through retroviral transduction

completely reversed the TGF-b-mediated inhibition of

IL-12-driven Th1 differentiation. None of the previous

studies have examined the effects of TGF-b on T-bet

expression induced by IFN-c in the absence of IL-12. As

clearly seen from the data presented in Fig. 5, the level of

T-bet induction occurring after priming with TGF-b and

anti-IL-12 is highly significant and similar to that of T

cells stimulated under conventional Th1 conditions in the

presence of IL-12. It remains possible that in the presence

of IL-12, TGF-b may inhibit the induction of T-bet by

inhibiting IL-12R expression or signalling,28 but the

effects of TGF-b on IL-12R signalling or expression have

not been seen in all studies.19 The lack of effect of TGF-b
on the IFN-c-dependent induction of T-bet and, subse-

quently, Th1 differentiation also appear to conflict with

the very recent studies of Chen et al.,29 who demonstrated

that TGF-b may globally inhibit both Th1 and Th2 cell

polarization by preventing phosphorylation of the Tec

kinase, Itk, with subsequent inhibition of the elevation of

[Ca2+]i and NFATc activation. However, it should be

pointed out that in this latter study the inhibitory effects

of TGF-b on T-bet induction and NFATc activation in

Th1 differentiation were not complete and were only

studied in the presence of IL-12. Residual NFAT activa-

tion under nonpolarizing conditions has been shown

to favour the development of IFN-c-producing T cells

in vitro.30 Furthermore, T cells from Itk-deficient mice

primed under nonpolarizing conditions not only failed to

differentiate into Th2 cells, but expressed high levels of

T-bet and IFN-c.31 The roles of Itk and NFATc in the

induction of T-bet and IFN-c production, independent of

IL-12, remain to be determined.

While we cannot fully reconcile our observations with

those of others in which TGF-b acts as a global inhibitor

of both Th1 and Th2 differentiation,19,20 it is clear that

the TGF-b-mediated inhibition of T-bet is not complete

and that, under certain culture conditions, residual T-bet
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may be sufficient to drive IL-12-independent Th1 differ-

entiation in the absence of IL-4. The effect of TGF-b on

Th1 priming is further supported by the fact that in this

study T cells were equally capable of IFN-c secretion fol-

lowing stimulation via their TCR or via the IL-12/IL-18

receptor pathway, thus defining them as true Th1 cells.

T-cell stimulation via phorbol 12-myristate 13-acetate

(PMA)/ionomycin or other culture conditions may not

necessarily reflect the full effects on Th1 cell priming. It is

also possible that inclusion of exogenous IL-2 during

T-cell priming bypasses a critical inhibitory step.

TGF-b–/– mice develop multiorgan inflammatory

immune infiltrates at 2–3 weeks of age.32 Similarly, trans-

genic mice that express a dominant negative form of the

TGF-bRII under control of the CD233 or CD4 promoter,34

and have blocked TGF-b signalling in T cells, have pro-

nounced lymphocyte infiltrations and spontaneous T-cell

activation. Systemic administration of TGF-b has been

shown to prevent the induction of experimental allergic

encepholomyelitis (EAE) and collagen-induced arthritis,35

although prolonged treatment with TGF-b may lead to

liver fibrosis and glomerulosclerosis.36,37 Other approaches,

such as the administration of T-cell clones that recognize

organ-specific antigens and that produce TGF-b38 or have
been transduced to express TGF-b,39 have also been pro-

ven to lead to the amelioration of autoimmune disease,

and these approaches may have fewer systemic side-effects.

TGF-b also contributes to the therapeutic effects of regula-

tory T cells in preventing the development of inflamma-

tory bowel disease induced by CD45RBhi effector cells,

although it has yet to be shown that the TGF-b is pro-

duced by the transferred regulatory T cells, rather than by

the host cells.40 Collectively, these studies suggest that

TGF-b has potential as a therapeutic for Th1-mediated

autoimmune diseases. Although these studies appear to

conflict with our data that one pathway of Th1 differenti-

ation is enhanced by TGF-b, it should be pointed out that

most of the therapeutic effects of TGF-b were observed

when it was administered early in the course of the disease

in relatively well-defined experimental models. Most spon-

taneously occurring autoimmune diseases have both Th1

and Th2 components, and the latter may be protective

rather than pathogenic. There is little doubt from this and

earlier studies that TGF-b is a potent inhibitor of Th2 dif-

ferentiation, and our present findings raise the possibility

that under certain conditions it may simultaneously

enhance the activation of pathogenic Th1 cells. Caution

should therefore be exercised in the design of therapeutic

trials of TGF-b producing T cells for the therapy of both

complex systemic and organ-specific autoimmune diseases.
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