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An Indispensable Role for STAT1 in IL-27-Induced T-bet

Expression but Not Proliferation of Naive CD4� T Cells1

Sadahiro Kamiya,*† Toshiyuki Owaki,*‡ Noriko Morishima,*† Fumio Fukai,‡

Junichiro Mizuguchi,*† and Takayuki Yoshimoto2*

IL-27 is a novel IL-12 family member that plays a role in the early regulation of Th1 initiation, induces proliferation of naive CD4�

T cells, and synergizes with IL-12 in IFN-� production. It has been recently reported that IL-27 induces T-bet and IL-12R�2

expression through JAK1/STAT1 activation. In the present study, we further investigated the JAK/STAT signaling molecules

activated by IL-27 and also the role of STAT1 in IL-27-mediated responses using STAT1-deficient mice. In addition to JAK1 and

STAT1, IL-27-activated JAK2, tyrosine kinase-2, and STAT2, -3, and -5 in naive CD4� T cells. The activation of STAT2 and

STAT5, but not of STAT3, was greatly diminished in STAT1-deficient naive CD4� T cells. Comparable proliferative response to

IL-27 was observed between STAT1-deficient and wild-type naive CD4� T cells. In contrast, IL-27 hardly induced T-bet and

subsequent IL-12R�2 expression, and synergistic IFN-� production by IL-27 and IL-12 was impaired in STAT1-deficient naive

CD4� T cells. Moreover, IL-27 augmented the expression of MHC class I on naive CD4� T cells in a STAT1-dependent manner.

These results suggest that IL-27 activates JAK1 and -2, tyrosine kinase-2, STAT1, -2, -3, and -5 in naive CD4� T cells and that

STAT1 plays an indispensable role in IL-27-induced T-bet and subsequent IL-12R�2 expression and MHC class I expression as

well but not proliferation, while STAT3 presumably plays an important role in IL-27-induced proliferation. The Journal of

Immunology, 2004, 173: 3871–3877.

C
ytokines play pivotal roles in the regulation of various

biological responses including immune responses and in-

flammation. Most important, cytokine signal-transduc-

tion pathways are the JAKs and STATs (1–3). Immediately after

receptor ligation by the cytokine, STATs are phosphorylated by

JAKs, dimerized, and translocated into the nucleus, and modulate

the expression of target genes. Each cytokine uses selective mem-

bers of the JAK and STAT families to mediate its specific biolog-

ical responses.

Recently, a novel member of the IL-12 family was identified and

termed IL-27 (4). IL-27 is a heterodimeric cytokine that consists of

a p40-related protein, EBV-induced gene 3 (EBI3),3 and a newly

discovered IL-12 p35-related protein, p28. IL-27 is produced by

activated APCs, and is able to induce proliferation of naive but not

memory CD4� T cells and synergizes with IL-12 in IFN-� pro-

duction by naive CD4� T cells (4). Previously, an orphan receptor

designated type 1 cytokine receptor (TCCR; Ref. 5) or WSX-1 (6)

with similarity to the IL-12R�2 subunit was shown to be important

for early initiation of Th1 responses. This receptor was then iden-

tified as one of the receptor subunits for IL-27, and is necessary,

but not sufficient for IL-27 function (4). Notably, it is not necessary

for the maintenance of Th1 responses although activation of TCCR

or WSX-1 is required for the early initiation of Th1 responses (6).

Therefore, IL-27 and IL-12 were considered to function sequen-

tially in the initiation and maintenance of Th1 responses, respec-

tively (4, 6). Consistent with this notion, it has been recently re-

ported that IL-27 induces T-bet and subsequent IL-12R�2

expression, which is a key Th1 commitment step where naive Th

precursor cells commence differentiation into Th1 cells, by naive

CD4� T cells through JAK1/STAT1 activation (7). However, in

this report, only JAK/STAT signaling molecules that associate

with one subunit of IL-27R, WSX-1/TCCR, were analyzed and

identified by in vitro binding assay. The other JAK/STAT signal-

ing molecules activated by IL-27 remain unexplored.

In the present study, we further investigated the JAK/STAT sig-

naling molecules activated by IL-27 and also the role of STAT1 in

IL-27-mediated responses using STAT1-deficient mice (8, 9). In

addition to JAK1 and STAT1, we have found that IL-27 activates

JAK2, tyrosine kinase (TYK)2, and STAT2, -3, and -5 in naive

CD4� T cells, and that STAT1 plays an indispensable role in IL-

27-induced T-bet and subsequent IL-12R�2 expression and MHC

class I expression as well but not proliferation, while STAT3 pre-

sumably plays an important role in IL-27-induced proliferation.

Materials and Methods
Cell culture and mice

Naive CD4� T cells were cultured in RPMI 1640 medium supplemented
with 10% FBS and 50 �M 2-ME. Human embryonic kidney 293-F cells
were purchased from Invitrogen Life Technologies (Carlsbad, CA) and
cultured in the serum-free medium (FreeStyle 293 Expression Medium;
Invitrogen Life Technologies). IL-12-responsive mouse Th1 cell clone,
2D6, was kindly provided by Dr. H. Fujiwara (Osaka University, Osaka,
Japan) and maintained in RPMI 1640 medium supplemented with 10%
FBS, 50 �M 2-ME, and mouse rIL-12 (250 pg/ml). C57BL/6 mice were
purchased from Japan SLC (Hamamatsu, Japan). STAT1-deficient mice (8)
of 129/Sv background and wild-type 129/Sv mice were purchased from
Taconic Farms (Germantown, NY). STAT1�/� and STAT1�/� mice (8) of
a mixed background of 129/Sv and C57BL/6 were kindly provided by Dr.
R. D. Schreiber (Department of Pathology and Immunology, Center for
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Immunology, Washington University School of Medicine, St. Louis, MO).
All animal experiments were performed in accordance with our Institu-
tional Guidelines.

Reagents

Anti-FLAG (M2) and anti-actin were purchased from Sigma-Aldrich (St.
Louis, MO). Anti-CD3 (145-2C11), anti-IL-2 (S4B6), anti-IL-4 (11B11),
and anti-MHC class I H-2, all haplotypes (M1/42.3.9.8.HLK) were from
American Type Culture Collection (Manassas, VA). Mouse rIL-4, anti-IL-
12R�2 (HAM10B9), anti-CD28 (37.51), anti-JAK1, and anti-TYK2 were
from BD Biosciences (Franklin Lakes, NJ). Anti-JAK2 and -3, anti-
phosphotyrosine (pY)-JAK-3, anti-STAT1, -3, -4, -5, and -6 and anti-T-bet
(4B10) were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-STAT2
and anti-pY-STAT2 were from Upstate Biotechnology (Lake Placid, NY).
Anti-pY-JAK1 and -2, anti-pY-TYK2, and anti-pY-STAT1, -3, -5, and -6
were from Cell Signaling Technology (Beverly, MA). Anti-pY-STAT4 was
from Zymed Laboratories (San Francisco, CA). Mouse rIL-12 and -18 were
from R&D Systems (Minneapolis, MN). Human rIL-2 and mouse rIFN-�
were kindly provided by Shionogi & Company (Osaka, Japan).

Preparation of purified rIL-27 protein

Recombinant IL-27 was prepared as a soluble tagged fusion protein by
flexibly linking EBI3 to p28, which was reported to show a similar activity
to the naive heterodimeric complex (4). Mouse IL-27 EBI3 and p28
cDNAs were isolated by RT-PCR using total RNA prepared from Con
A-activated spleen cells. For preparation of the single-chain (sc) IL-27
expression vector, fragments encoding the mature part of EBI3, followed
by the (Gly4Ser)3 linker (10) and then by the mature coding sequence of
p28 were generated by using standard PCR methods and cloned into
p3xFLAG-CMV-9 (Sigma-Aldrich) vector, which has preprotrypsin signal
peptide and 3xFLAG-epitope-tag sequences at N-terminal. Human embry-
onic kidney 293-F cells were then transiently transfected with the expres-
sion vector by using 293 fectin (Invitrogen Life Technologies) according to
the manufacturer’s instructions. After 3 days, culture supernatant was har-
vested and 3xFLAG-tagged rscIL-27 was purified by affinity chromatog-
raphy using anti-FLAG affinity gel (Sigma-Aldrich). Protein concentration
of purified 3xFLAG-tagged rscIL-27 was determined by titration in West-
ern blotting with anti-FLAG (M2) using 3xFLAG-tagged rscIL-12 pre-
pared similarly as described above as a standard. The concentration of
3xFLAG-tagged rscIL-12 was determined using rIL-12 as a standard in
ELISA as described previously (11).

Preparation of naive CD4� T cells

Primary T cells were purified by passing spleen cells depleted of erythro-
cytes through nylon wool. The flow-through fraction was incubated with
biotin-conjugated anti-CD8�, anti-B220, anti-Mac-1, anti-Ter-119, and anti-
DX5, followed by incubation with anti-biotin magnetic beads (Miltenyi
Biotec, Bergisch Gladbach, Germany) and passed through a magnetic cell
sorting column (Miltenyi Biotec), and the negative fraction was collected
(CD4� T cells �95%). CD4� T cells were then incubated with anti-
CD62L magnetic beads (Miltenyi Biotec), and the positive fraction was
collected as purified naive CD4� T cells (CD62L� cells �99%).

Western blotting

Cells were lysed in a lysis buffer containing protease inhibitors, and re-
sultant cell lysates were separated on an SDS-PAGE under reducing con-
ditions and transferred to polyvinylidene difluoride membrane (Millipore,
Bedford, MA) as described previously (12). The membrane was then
blocked, probed with primary Ab, and then with appropriate secondary Ab
conjugated to HRP, and visualized with the ECL detection system (Am-
ersham Biosciences, Little Chalfont, U.K.) according to the manufacturer’s
instructions.

Proliferation and IFN-� production assays

For measurement of proliferation, purified naive CD4� T cells (1 � 106

cells/ml) were stimulated with plate-coated anti-CD3 (145-2C11, 2 �g/ml)
in the presence of rIL-27 and/or rIL-12 and anti-IL-2 (100 �g/ml) for 72 h
and pulsed with [3H]thymidine for the last 24 h. For measurement of IFN-�
production, purified naive CD4� T cells (1 � 106 cells/ml) were stimulated
with plate-coated anti-CD3 (2 �g/ml) in the absence of rIL-27 and/or
rIL-12 and anti-IL-2 (100 �g/ml) for 72 h, and culture supernatants were
collected and assayed for IFN-� production by ELISA as described (13).

RT-PCR

Total RNA was extracted by using a guanidine thiocyanate procedure, cDNA
was prepared using oligo(dT) primer and SuperScript RT (Invitrogen Life

Technologies), and RT-PCR was performed using TaqDNA polymerase as
described (11). Cycle conditions were 94°C for 40 s, 60°C for 20 s, and 72°C
for 40 s. Primers used for HPRT were described (14). The following primers
were also used: T-bet sense primer, 5�-GATCGTCCTGCAGTCTCTCC-3�;
T-bet antisense primer, 5�-AACTGTGTTCCCGAGGTGTC-3�; IL-12R�2
sense primer, 5�-ACTGTCAGAGAGCCAAGGAG-3�; and IL-12R�2 anti-
sense primer, 5�-GTGCCCACCGTGATGATAG-3�.

Intracellular IFN-� staining

Purified naive CD4� T cells (1 � 106 cells/ml) were stimulated with plate-
coated anti-CD3 (2 �g/ml) in the presence of rIL-27 (1 ng/ml), rIL-12 (1
ng/ml), and anti-IL-2 (100 �g/ml) for 72 h. Stimulated cells were treated
with GolgiStop (BD Biosciences) for 4 h before fixation and permeabili-
zation with saponin. IFN-� was detected using PE-conjugated anti-IFN-�
mAb (BD Biosciences) in combination with surface staining for CD4
(FITC-conjugated; BD Biosciences).

Results
Activation of JAK1 and -2, TYK2, and STAT1, -2, -3, and -5 by

IL-27 in naive CD4� T cells

Because JAK-STAT signaling molecules are critically important

for signaling of various cytokines (1–3), we first examined what

molecules among them were activated by IL-27. Purified naive

CD4� T cells were activated by plate-coated anti-CD3 in the pres-

ence of anti-IL-2 for 16 h, then washed and stimulated with IL-27

for 10 min. Total cell lysates were prepared and subjected to West-

ern blotting using various anti-pY-JAKs and anti-pY-STATs (Fig.

1, A and B). As reported previously (7), IL-27 induced activation

of JAK1 and STAT1 in naive CD4� T cells. In addition, JAK2,

TYK2, and STAT3 and -5 were activated, and STAT2 was also

FIGURE 1. Activation of JAK1 and -2, TYK2, and STAT1, -2, -3, and

-5 by IL-27 in naive CD4� T cells. Purified naive CD4� T cells from

wild-type C57BL/6 mice were stimulated by plate-coated anti-CD3 (2 �g/

ml) in the presence of anti-IL-2 (100 �g/ml) for 16 h. After washing, the

cells were stimulated with rIL-27 (10 ng/ml) for 10 min. Total cell lysates

were then prepared and subjected to Western blotting with anti-pY-JAKs

(A) or anti-pY-STATs (B). For verification of the same protein expression

level, each blot was reprobed with anti-total JAKs (A) or anti-total STATs

(B). As positive controls for pY-JAKs, pY-STAT4, and pY-STAT6, cell

lysates prepared from 2D6 cells stimulated with rIL-2 or rIL-12 and from

thymocytes (Thy) stimulated with rIL-4 were used, respectively. C, Puri-

fied naive CD4� T cells from STAT1�/� or STAT�/� mice with a mixed

background of C57BL/6 and 129Sv were stimulated as described above,

and their total cell lysates were subjected to Western blotting with anti-

pY-STATs, anti-total STATs, and anti-actin. �, A nonspecific band. Sim-

ilar results were obtained in three to four independent experiments.

3872 ROLE OF STAT1 IN IL-27-MEDIATED RESPONSES
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slightly but constantly activated. As positive controls, cell lysates

prepared from Th1 clone 2D6 cells stimulated with IL-12 or IL-2, or

thymocytes stimulated with IL-4 were used. Consistent with the pre-

vious reports showing that IL-12 stimulates activated primary CD4�

T cells but not naive CD4� T cells (4, 15), activation of STAT1 and

STAT5 by IL-12 was not observed in naive CD4� T cells (Fig. 1B).

We then examined whether these STATs were also activated by IL-27

in STAT1-deficient naive CD4� T cells. As expected, STAT1 and

tyrosine-phosphorylated STAT1 were not detected at all regardless of

the stimulation by IL-27 (Fig. 1C). In addition, activation of STAT2

and STAT5 was greatly reduced, while comparable activation of

STAT3 was observed in STAT1-deficient naive CD4� T cells. These

results suggest that IL-27 activates JAK1 and -2, TYK2, and STAT1,

-2, -3, and -5 in naive CD4� T cells, and that STAT2 and STAT5

activation is presumably dependent on STAT1 but STAT3 activation

is not dependent on it.

Comparable proliferative response of STAT1-deficient naive

CD4� T cells stimulated by IL-27

We next examined the role of STAT1 in IL-27-induced responses

using STAT1-deficient mice (8, 9). Because IL-27 induces prolif-

eration of naive but not memory CD4� T cells (4), we examined

the proliferative activity of IL-27 to naive CD4� T cells obtained

from wild-type or STAT1-deficient mice. Purified naive CD4� T

cells were stimulated with plate-coated anti-CD3 in the presence of

various concentrations of IL-27 for 72 h and pulsed with [3H]thy-

midine for the last 24 h. As reported previously (4), IL-27 greatly

augmented the proliferation of naive CD4� T cells from wild-type

mice stimulated with plate-coated anti-CD3 in a dose-dependent

manner (Fig. 2). In STAT1-deficient naive CD4� T cells, compa-

rable proliferative response was observed (Fig. 2). However, IL-12

minimally augmented the proliferation of naive CD4� T cells from

both wild-type and STAT1-deficient mice as reported (4). These

results suggest that STAT1 does not play an important role in

IL-27-induced proliferation of naive CD4� T cells.

Impaired induction of T-bet and subsequent IL-12R�2 expression

of STAT1-deficient naive CD4� T cells stimulated by IL-27

It was recently demonstrated that IL-27 induces T-bet and IL-

12R�2 expression in naive CD4� T cells (7). The expression of

IL-12R�2, which is a critical step for Th1 development in CD4�

T cells during T cell activation (16), was previously demonstrated

to be mediated by T-bet, which is induced by IFN-� and STAT1

signaling (17, 18). Therefore, we next examined the expression of

T-bet and IL-12R�2 in STAT1-deficient naive CD4� T cells. Pu-

rified naive CD4� T cells were stimulated with plate-coated anti-

CD3 in the presence or absence of IL-27 for 24 h, and total RNA

was prepared and subjected to RT-PCR. IL-27 greatly enhanced

the expression of T-bet and IL-12R�2 mRNA in wild-type naive

CD4� T cells, whereas IL-27 minimally augmented it in STAT1-

deficient naive CD4� T cells (Fig. 3A). Total cell lysate was then

prepared from cells stimulated for 72 h as described above and

subjected to Western blotting with anti-T-bet. Surface expression

of IL-12R�2 on the stimulated naive CD4� T cells was also de-

termined by FACS analysis. Although IL-27 induced the T-bet

expression in naive CD4� T cells from wild-type mice at protein

level, IL-27 hardly induced it from STAT1-deficient mice (Fig.

3B). It was previously demonstrated that ectopic T-bet expression

induces IL-12R�2 expression even in STAT1-deficient CD4� T

cells, indicating that IL-12R�2 expression is highly inducible by

T-bet whose process does not depend on STAT1 (18). Consistent

with the report (18), the surface IL-12R�2 expression was hardly

induced by IL-27 on the stimulated naive CD4� T cells from

STAT1-deficient mice correlating with the abolished expression of

T-bet, while its expression was efficiently induced on these cells

from wild-type mice (Fig. 3C). To rule out the possibility that

naive CD4� T cells from STAT1-deficient have an intrinsic defect

in IL-12R�2 expression, we next examined IL-12R�2 expression

on naive CD4� T cells stimulated with plate-coated anti-CD3 and

anti-CD28 under Th1 conditions including IL-12 and anti-IL-4

plus IL-18. Afkarian et al. (18) have previously demonstrated that

STAT1 is conditionally required for maintaining IL-12R�2 ex-

pression only in the presence of IL-4, but not for induction of

IL-12R�2 expression in the absence of IL-4 under Th1 conditions.

Chang et al. (19) have previously shown greatly enhanced IL-

12R�2 expression in T cells by a combined treatment with IL-12

and IL-18. Induction of IL-12R�2 expression on naive CD4� T

cells by IL-27 peaked at around 3 days after the stimulation, while

that by IL-12 and IL-18 peaked later at around 4 days after the

stimulation under our experimental conditions (data not shown).

Consistent with these reports (18, 19), a significant induction of

IL-12R�2 expression was observed on naive CD4� T cells from

STAT1-deficient mice under these Th1 conditions, although the

induction level was slightly reduced as compared with wild-type

mice in our experimental conditions (Fig. 3D). Even under these

conditions including anti-IL-4, IL-27 hardly induced IL-12R�2

expression on naive CD4� T cells from STAT1-deficient mice,

although the induction of IL-12R�2 expression by IL-27 was

observed on naive CD4� T cells from wild-type mice (Fig. 3D).

These results suggest that STAT1 plays a pivotal role in IL-27-

induced T-bet and subsequent IL-12R�2 expression of naive

CD4� T cells.

Impaired synergistic IFN-� production with IL-12 of

STAT1-deficient naive CD4� T cells stimulated by IL-27

Because IL-27 strongly synergizes with IL-12 in IFN-� production

by naive CD4� T cells (7), we next examined the synergistic IFN-�

production of naive CD4� T cells from STAT1-deficient mice. Pu-

rified naive CD4� T cells were stimulated with plate-coated anti-CD3

FIGURE 2. Comparable proliferative response of STAT1-deficient na-

ive CD4� T cells stimulated by IL-27. Purified naive CD4� T cells from

wild-type and STAT1-deficient mice were stimulated with plate-coated

anti-CD3 (2 �g/ml) and rIL-27 (0.1, 1, and 10 ng/ml) in the presence of

anti-IL-2 (100 �g/ml) for 72 h and pulsed with [3H]thymidine for the last

24 h. [3H]Thymidine incorporation was measured in triplicate, and the

stimulation index was calculated. Data are shown as the mean � SD of

three independent experiments. When purified naive CD4� T cells from

wild-type and STAT1-deficient mice were similarly stimulated with plate-

coated anti-CD3 (2 �g/ml) and rIL-12 (10 ng/ml) as described above, the

stimulation indexes were 1.49 � 0.11 and 1.11 � 0.09, respectively.

3873The Journal of Immunology
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in the presence of IL-27 and/or IL-12 for 72 h, and culture superna-

tants were collected and analyzed for IFN-� production in ELISA.

IL-27 alone did not induce the IFN-� production from wild-type naive

CD4� T cells, but IL-27 greatly enhanced it in the presence of IL-12

in a dose-dependent manner (Fig. 4A). However, the combination of

IL-27 and IL-12 hardly induced the IFN-� production from STAT1-

deficient naive CD4� T cells (Fig. 4A), which is consistent with the

results in Fig. 3 showing an inability of IL-27 to induce IL-12R�2

expression on STAT1-deficient naive CD4� T cells. Because naive

CD4� T cells do not respond to IL-12 (4), a small amount of IFN-�

production observed in response to IL-12 alone might be due to a

contamination of other cells (�5%). The inability to produce IFN-� of

STAT1-deficient naive CD4� T cells in response to the combination

of IL-27 and IL-12 was also confirmed by an intracellular staining of

IFN-� (Fig. 4B). In contrast, IL-27, but not IL-12, alone efficiently

induced proliferation of naive CD4� T cells activated with plate-

coated anti-CD3, while the combination of IL-27 and IL-12 slightly

but not synergistically augmented the proliferation as compared with

IL-27 alone regardless of the presence of STAT1 (Fig. 4C). These

results suggest that STAT1 plays a critical role in IL-27-mediated

synergistic IFN-� production with IL-12 of naive CD4� T cells.

Augmentation of MHC class I expression by IL-27 in a

STAT1-independent manner

MHC class I expression is important for immune recognition of

virus infection and for T cell development. MHC class I is con-

stitutively expressed yet highly induced by type I and II IFN,

whose processes are dependent on STAT1 (8). Therefore, we fi-

nally examined the effect of IL-27 on MHC class I expression on

naive CD4� T cells. Purified naive CD4� T cells from wild-type

or STAT1-deficient mice were stimulated with plate-coated anti-

CD3 in the presence of IL-27 or IFN-� as positive control for 72 h,

and then analyzed for cell surface expression of MHC class I by

FACS. As reported (20), MHC class I expression was enhanced by

IFN-� on wild-type naive CD4� T cells (data not shown). Simi-

larly, the MHC class I expression was slightly but constantly aug-

mented by IL-27 (Fig. 5). On STAT1-deficient CD4� T cells, the

constitutive expression level of MHC class I was reported to be

less than that on wild-type CD4� T cells (Ref. 20; Fig. 5). The

MHC class I expression was hardly augmented by IL-27 on

STAT1-deficient naive CD4� T cells (Fig. 5). These results sug-

gest that IL-27 augments MHC class I expression on naive CD4�

T cells in a STAT1-dependent manner.

Discussion
Establishment of high-level IFN-� production by activated CD4�

T cells is important in determining the course of infections and

disease. T-bet is a crucial regulator of the process of IFN-� gene

activation in naive CD4� T cells, leading to induction of a key

component of the receptor for IL-12, IL-12R�2 (18, 21). This re-

ceptor signals predominantly through STAT4 and probably does

not directly activate STAT1, yet STAT1 appears more important

FIGURE 3. Impaired induction of T-bet and subsequent IL-12R�2 expression in STAT1-deficient naive CD4� T cells stimulated by IL-27. A, Purified

naive CD4� T cells from wild-type and STAT1-deficient mice were stimulated with plate-coated anti-CD3 (2 �g/ml) and rIL-27 (5 ng/ml) in the presence of

anti-IL-2 (100 �g/ml). After 24 h, total RNA was prepared and RT-PCR was performed. B, Total cell lysate was prepared after the stimulation for 72 h, and

Western blotting with anti-T-bet and anti-actin was performed. C, These stimulated cells were also analyzed for cell surface expression of IL-12R�2 (solid line)

or its irrelevant isotype-matched control (plain line with shading) by FACS. D, Purified naive CD4� T cells from wild-type and STAT1-deficient mice were

stimulated with plate-coated anti-CD3 (2 �g/ml) and anti-CD28 (0.5 �g/ml) and with or without rIL-27 (10 ng/ml) in the presence of anti-IL-4 (10 �g/ml) for

3 days. Purified naive CD4� T cells were also stimulated with plate-coated anti-CD3 (2 �g/ml) and anti-CD28 (0.5 �g/ml) and with or without rIL-12 (20 ng/ml)

plus rIL-18 (40 ng/ml) in the presence of anti-IL-4 (10 �g/ml) for 4 days. These stimulated cells were then analyzed for cell surface expression of IL-12R�2 (solid

line) or its irrelevant isotype-matched control (plain line with shading) by FACS. Similar results were obtained in two to three independent experiments.
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for T-bet induction than STAT4 (18). Therefore, it is important to

understand what are the key physiologic inducers of T-bet in naive

CD4� T cells. In the present study, we have demonstrated that

IL-27 activates JAK1 and -2, TYK2, and STAT1, -2, -3, and -5 in

naive CD4� T cells and that STAT1 plays an indispensable role in

IL-27-induced T-bet and subsequent IL-12R�2 expression and

MHC class I expression as well but not proliferation, while STAT3

presumably plays an important role in IL-27-induced proliferation.

Very recently, similar activation of STAT3 as well as STAT1 by

IL-27 was reported in human PBL (22). Previously it was dem-

onstrated that T-bet is induced by IFN-� and STAT1 signaling

during T cell activation, resulting in Th1 development including

the induction of IL-12R�2 expression (18). Consistent with this

report (18) and also the recent report (7), the present results further

provide a mechanistic insight into IL-27 acting as a potentially

initiating cytokine to augment T-bet expression in Th1 differenti-

ation early after T cell activation through STAT1 activation, before

IL-12/IL-18. Therefore, even in the absence of IFN-�, IL-27 would

be possible to induce T-bet and trigger the later events. Moreover,

we have recently demonstrated that IL-27 has a potent anti-tumor

effect by augmenting CTL activity and IFN-� production of spleen

cells (15). However, it was previously demonstrated that EBI3-

deficient mice exhibit a reduced number of invariant NKT cells, a

sustained decrease in IL-4 production, and are resistant to Th2-

mediated immunopathology associated with oxazolone-induced

colitis (23). IFN-� production was only transiently decreased in

EBI3-deficient mice. These data may suggest that an EBI3-depen-

dent factor different from IL-27 is involved in IL-4-mediated Th2

responses. Further studies with p28-deficient mice would be nec-

essary to clarify the critical role of IL-27 in the initiation of Th1

differentiation.

During the process to revise this manuscript, Lucas et al. (24)

has reported as to the dependency on STAT1 in IL-27-induced

responses using STAT1-deficient mice. Their conclusion is

slightly different from ours in the point that T-bet induction by

IL-27 is mediated through a STAT1-independent pathway. This

discrepancy may be attributed to the experimental conditions, that

is, they used primary CD4� T cells but not naive CD4� T cells and

analyzed the T-bet expression at only mRNA level. We have re-

cently found that primary spleen B cells are also responsive to the

stimulation by IL-27 and that IL-27 induces T-bet expression in

these B cells and the T-bet induction is greatly reduced at both

mRNA and protein levels in STAT1-deficient spleen B cells (43).

These results further support our conclusion that the T-bet induc-

tion by IL-27 is highly dependent on STAT1.

Afkarian et al. (18) have previously investigated the requirement

of STAT1 for Th1 development and induction of IL-12R�2 ex-

pression, and found that STAT1 is only conditionally required for

them. They showed that IL-12-treated wild-type T cells induce

IL-12R�2 expression by day 2 and maintain expression on day 7

with or without neutralization of IL-4. In contrast, STAT1-defi-

cient T cells express IL-12R�2 in the presence of IL-12 either with

or without neutralization of IL-4, but expression is maintained at

day 7 only with neutralization of IL-4. Thus, IL-12R�2 expression

is seen in Th1 cells derived from even STAT1-deficient mice.

Chang et al. (19) have previously demonstrated that T cells stim-

ulated with anti-CD3 and IL-18 express IL-12R�2 and the com-

bination of IL-12 and IL-18 has a synergistic effect in up-regulat-

ing IL-12R�2 expression. Indeed, we could see a significant

expression of IL-12R�2 on even STAT1-deficient naive CD4� T

cells stimulated with anti-CD3 and anti-CD28 under Th1 condi-

tions including IL-12 and anti-IL-4 plus IL-18, although the ex-

pression level was slightly decreased as compared with wild-type

naive CD4� T cells (Fig. 3D). This decrease might be due to the

different stimulation conditions: antigenic stimulation using T cells

derived from TCR-transgenic mice (18) vs polyclonal stimulation

with anti-CD3 in the present study, or due to the insufficient

amounts of anti-IL-4 we used. These results could rule out the

possibility that STAT1-deficient naive CD4� T cells have an in-

trinsic defect in IL-12R�2 expression, which is consistent with the

previous report by Afkarian et al. (18). Even in these conditions

including anti-IL-4, IL-27 failed to induce IL-12R�2 expression

on STAT1-deficient naive CD4� T cells stimulated with anti-CD3

and anti-CD28, although IL-27 induced IL-12R�2 expression on

FIGURE 4. Impaired synergistic IFN-� pro-

duction with IL-12 of STAT1-deficient naive

CD4� T cells stimulated by IL-27. Purified na-

ive CD4� T cells from wild-type or STAT�/�

mice and STAT1-deficient mice were stimulated

with plate-coated anti-CD3 (2 �g/ml), rIL-27

(0.01, 0.1, and 1 ng/ml) and/or rIL-12 (1 ng/ml)

in the presence of anti-IL-2 (100 �g/ml). A, Af-

ter the stimulation for 72 h, culture supernatants

were collected and assayed for IFN-� production

by ELISA in triplicate. Data are shown as the

mean � SD. Similar results were obtained in

three independent experiments. B, Flow cyto-

metric analysis of intracellular IFN-� staining

was also performed in combination with surface

staining for CD4, when rIL-27 (1 ng/ml) and

rIL-12 (1 ng/ml) were used. Similar results were

obtained in three independent experiments. C,

These cells, stimulated for 72 h, were also pulsed

with [3H]Thymidine for the last 24 h. [3H]thy-

midine incorporation was measured in triplicate,

and stimulation index was calculated. Data are

shown as the mean � SD of three independent

experiments.
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wild-type naive CD4� T cells (Fig. 3D). Thus, although further

studies might be necessary to draw definitive conclusions, these

results suggest that STAT1 is important for IL-27-induced IL-

12R�2 expression, but less and conditionally important for IL-12

(plus IL-18)-induced IL-12R�2 expression, on naive CD4� T

cells.

The JAK/STAT signaling pathway is most important for medi-

ating biological responses induced by many cytokines (1–3). Se-

lective usage of members of the JAK and STAT families by a

given cytokine receptor is considered to be responsible for the

specificity of cytokine action. However, cytokines that promote

distinct cellular responses often activate identical STATs. Many

cytokines including IL-6 and IL-10 that induce biological re-

sponses that are distinct from those induced by IFN-��� were

shown to activate STAT1 (25, 26). However, the generation and

characterization of mice deficient in STAT1 revealed that STAT1

signaling is essential for IFN-��� but not for IL-6 and IL-10 (8,

9). As JAK/STAT signaling molecules, IFN-�� use JAK1, TYK2,

STAT1 and -2, and IFN-� uses JAK1 and -2 and STAT1 (3, 27–

32). Notably, these patterns are similar to that activated by IL-27

as shown here. In addition, it has been very recently demonstrated

that gp130, which is shared among receptors for IL-6 and the other

IL-6 family cytokines, is another subunit for IL-27R in addition to

WSX-1/TCCR (33). IL-6 activates JAK1 and -2, TYK2, STAT1,

and in particular STAT3 (34–36), whose pattern is also similar to

those activated by IL-27. If two cytokines activate the same JAK/

STAT signaling molecules, it is reasonable to expect similar bio-

logical actions between them. For example, both IL-4 and IL-13

activate STAT6 and induce IgE production (3). Indeed, IL-27 has

been recently shown to induce T-bet and IL-12R�2 expression (7)

as IFN-� does (16, 17). If IL-27 could mimic IFN-��� and IL-6,

then the expression pattern of their receptors will be important.

WSX-1/TCCR and gp130 appear to be expressed on a variety of

cells and tissues (5, 33). Therefore, it is highly possible to expect

that IL-27 may have other biological actions similar to IFN-���

and IL-6, which remains to be elucidated.

IFN-� is a pleiotropic cytokine involved in antiproliferative re-

sponses, immune surveillance, and tumor suppression (37, 38).

IFN-�� is expressed by most if not all cells in response to virus

infection, can be secreted in large amounts by plasmacytoid pre-

DCs after contact with virus, and exerts a potent antiviral activity

(39, 40). Highly increased susceptibility of STAT1-deficient mice

to infection by microbial pathogens and viruses, which was dem-

onstrated previously (8, 9), might be partly due to a lack of re-

sponsiveness to IL-27 in addition to IFN-���. IL-6 is a cytokine

that affects a variety of biological functions including Ig produc-

tion, acute-phase reaction, and inflammation (41, 42). Mice defi-

cient in gp130 show embryonic lethality, which might be partly

caused by the abolished responsiveness to IL-27 as well. Thus,

IL-27 may be a quite unique cytokine, which potentially has sim-

ilar biological actions to IFN-��� and IL-6 in STAT1- and

STAT3-dependent manners, respectively.
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