Eur. J. Immunol. 2003. 33: 243-251

Differential requirements for JAK2 and TYK2 in
T cell proliferation and IFN-y production induced by
IL-12 alone or together with IL-18

Naotoshi Sugimoto’, Masakiyo Nakahira', Hyun-Jong Ahn?, Mark Micallef®, Toshiyuki
Hamaoka', Masashi Kurimoto® and Hiromi Fujiwara'

! Department of Oncology, Osaka University Graduate School of Medicine, Osaka, Japan
2 Department of Microbiology, Kyun-Hee University Medical School, Seoul, Korea
® Fujisaki Institute, Hayashibara Biochemical Laboratories, Okayama, Japan

IL-12 activates TYK2 and Janus kinase (JAK)-2 to induce the phosphorylation of various sig-
nal transducers and activators of transcription (STAT) proteins. However, little is known
regarding how these JAK exhibit the distinct biological effects of IL-12. Using two JAK inhibi-
tors, tyrphostin A1 (A1) for TYK2 and tyrphostin B42 (B42) for JAK2, we investigated the
involvement of JAK2 and TYK2 in IL-12-induced T cell proliferation and IFN-y production.
B42, but not A1, inhibited T cell proliferation along with down-regulation of IL-12-induced c-
Myc expression and STAT5 phosphorylation. In contrast, A1 but not B42 inhibited STAT4/
STAT3 phosphorylation and IFN-y production. IL-18, but not IL-12, induced activator
protein-1 (AP-1) responsible for high levels of IFN-y promoter activation. However, this IL-18
effect depended on the interaction of AP-1 with STAT4. A1 prevented AP-1 binding by inhib-
iting STAT4 involvement and down-regulated synergistic IFN-y promoter activation. These
results indicate that JAK2 activation is required for IL-12-mediated T cell growth, whereas
the TYK2-STAT4 signaling pathway is critical for IFN-y expression that is mediated by IL-12
alone and enhanced synergistically by combination with IL-18.
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1 Introduction

A variety of cytokines activates distinct members of the
Janus family of protein tyrosine kinases (Janus kinases,
JAK) through ligation of the corresponding cytokine
receptors [1]. Activation of JAK leads to tyrosine phos-
phorylation of a family of signal transducers and activa-
tors of transcription (STAT), which are important in the
regulation of gene expression by cytokine receptors [2,
3]. Stimulation of the IL-12 receptor (IL-12R) with IL-12
results in the activation of two JAK family members,
JAK2 and TYK2, and then induces tyrosine phosphoryla-
tion of STAT4 and STAT3 [2, 3].

IL-12 plays a central role in immune and inflammatory

responses by activating this JAK-STAT pathway [4].
Modulation of signal transduction pathways by targeting

[1 23274]

Abbreviations: JAK: Janus kinase A1: Tyrphostin A1 B42:
Tyrphostin B42 STAT: Signal transducers and activators of
transcription AP-1: Activator protein-1 JNK: c-Jun N-
terminal kinase EMSA: Electrophoretic mobility shift assay
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protein tyrosine kinases has been regarded as a novel
strategy for the treatment of infectious diseases, cancer
and autoimmune diseases [5-7]. While simultaneous
activation of TYK2 and JAK2 is induced in IL-12R signal-
ing [2-4], the relative requirements for these two JAK in
the expression of various IL-12 bioactivities remain
unclear. Tyrphostins, a group of compounds derived
from benzylidenemalononitrile nucleus, are potent inhibi-
tors of protein tyrosine kinases [8]. A number of recent
studies reported the selective inhibition of protein tyro-
sine kinases such as JAK2 [9, 10]. Such selective JAK
inhibitors would be a powerful tool in examining how
each JAK member contributes to mediating a given IL-12
bioactivity.

In this study, we utilized two tyrphostins designated A1
and B42 capable of inhibiting TYK2 and JAK2 activation,
respectively. The results show that inhibition of JAK2
activation by B42 down-regulates T cell proliferation
along with inhibition of c-Myc expression and STAT5
phosphorylation. In contrast, A1 but not B42 inhibited
STAT4/STAT3 phosphorylation and IFN-y production fol-
lowing IL-12 stimulation. Synergistic IFN-y expression by
IL-12 and IL-18 costimulation depended on the role of
STAT4 in up-regulating the promoter binding of activator
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protein-1 (AP-1), which is induced by IL-18 and functions
as a potent IFN-y transcription factor. A1 inhibited syner-
gistic IFN-y expression through canceling the enhancing
effect of STAT4. These results indicate different roles for
TYK2 and JAK2 in the mediation of distinct IL-12 bioac-
tivities and define a particular condition in which an IL-
12-involving inflammatory response is modulated with-
out influence on T cell growth.

2 Results

2.1 Effects of A1 and B42 on the phosphorylation
of TYK2, JAK2, STAT4, STAT5 and STAT3
following IL-12 stimulation

A1 and B42 selectively inhibit IL-12-induced phosphory-
lation of TYK2 and JAK2, respectively [10]. We confirmed
this in the 2D6 T cell clone (Fig. 1A). Our previous study
[11] showed that IL-12 stimulation induces high levels of
STAT4/STAT3 and STAT5 phosphorylation in 2D6 cells.
We examined the effects of A1 and B42 on IL-12-
induced STAT phosphorylation (Fig. 1B). STAT4 phos-
phorylation was inhibited selectively by A1. In contrast,
STAT5 phosphorylation was preferentially prevented by
B42, and STAT3 phosphorylation was down-regulated by
A1l as well as B42. We also examined the effects of A1
and B42 on STAT4, STAT3 and STAT5 activation in pri-
mary activated T cells prepared by stimulation with anti-
CD3 plus anti-CD28 (Fig. 1C). Similar patterns of inhibi-
tory effects of the two inhibitors on STAT4 and STAT5
phosphorylation were observed, but STAT3 activation
was down-regulated strongly by A1 and only slightly by
B42. Although there were differences in the amounts of
STAT proteins between the five groups of nuclear protein
samples (Fig. 1B, C), this could be explained by consid-
ering that nuclear translocation of STAT proteins occurs
depending on their phosphorylation.

2.2 IL-12-induced T cell proliferation is
selectively inhibited by B42

Cells from the 2D6 clone were stimulated with IL-12 in
the presence of A1 and/or B42. Fig. 2A shows that A1
did not affect IL-12-driven 2D6 proliferation, whereas
B42 induced a dose-dependent inhibition of the prolifer-
ation. Addition of both B42 and A1 resulted in only a
slight augmentation of the B42-mediated inhibition. In
light of the observed correlation between the expression
of c-Myc and the induction of cell proliferation [12], we
examined whether IL-12 signaling activates c-myc in
2D6 cells and, if so, whether c-myc induction is modu-
lated by A1 and/or B42. The c-myc gene was activated
and peaked 3 h after IL-12 stimulation (Fig. 2B), and c-
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Fig. 1. Effects of A1 and B42 on TYK2, JAK2, STAT4, STAT5
and STAT3 phosphorylation. Cells from the 2D6 clone (A, B)
or anti-CD3/anti-CD28-activated lymph node T cells (C)
were stimulated with 1,000 pg/ml rIL-12 for 10 min in the
presence of 50 uM A1 and/or B42. Cell lysates were immu-
noprecipitated with anti-TYK2, anti-JAK2 (cytoplasmic
extracts), anti-STAT4, anti-STAT5 or anti-STAT3 Ab (nuclear
extracts), immunoblotted with anti-phosphotyrosine mAb
(each upper panel) and then reblotted with the relevant Ab
(each lower panel). Data are representative of five (A, B) and
two (C) similar experiments.

Myc protein was detected (Fig. 2C). This c-myc induc-
tion was down-regulated by B42 but not by A1 (Fig. 2D).
Thus, the JAK2 inhibitor inhibits 2D6 cell proliferation
along with down-regulation of IL-12-mediated STAT5
activation and c-myc induction.

2.3 IFN-y production induced by IL-12 alone or
together with IL-18 is selectively inhibited by
A1

IL-12 and IL-18 stimulate IFN-y production [4, 13]. More-
over, these two cytokines exert a synergistic effect on
IFN-vy production [14, 15, 16]. We examined the effects of
A1 and B42 on IFN-y production stimulated with IL-12.
Addition of A1 to IL-12-stimulated 2D6 cell cultures
induced a dose-dependent inhibition of IFN-y produc-
tion. In contrast, B42 failed to produce any inhibitory
effect (Fig. 3A). Similar effects were observed in primary
activated T cells (Fig. 3B).

Cells from the 2D6 clone were starved of IL-12 for 30 h to
eliminate IL-12 signals retained during IL-12 culture. IL-
12-starved 2D6 cells were stimulated with IL-12 and/or
IL-18. IL-18 alone induced low levels of IFN-y produc-
tion, but the level was markedly enhanced by combined
stimulation with IL-12 and IL-18 (Fig. 4A). Such syner-
gistic IFN-y expression in 2D6 cells was inhibited selec-
tively by A1 (Fig. 4B). Synergistic IFN-y production by
IL-12 plus IL-18 and Af1-selective inhibition of the
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Fig. 2. B42 inhibits IL-12-induced T cell proliferation and c-myc induction. (A) Cells from the 2D6 clone were stimulated with
250 pg/ml rlL-12 for 24 h in the presence of A1 and/or B42. (B, D) Cells from the 2D6 clone were stimulated with rIL-12 for indi-
cated h (B) or for 3 h (D) in the presence or absence of 50 uM A1 and/or B42. Total RNA was isolated and examined for c-myc
expression. (C) Cells from the 2D6 clone were stimulated with 1,000 pg/ml rIL-12 for 12 h. Cell lysates were immunoblotted with
anti-c-Myc Ab. Data are representative of three (A), five (B, D) and two (C) similar experiments.

synergy were also observed when primary activated
T cells were exposed to IL-12 and used after 6-h IL-12
starvation (Fig. 5).

2.4 A1 inhibits IL-12-activated STAT4 from up-
regulating the binding activity of IL-18-
induced AP-1 and IFN-y promoter activation

To investigate the mechanism by which A1 inhibits syner-
gistic IFN-y expression by IL-12 plus IL-18, we first
examined whether A1 modulates IL-18 signaling.
Because IL-18, but not IL-12, was shown to induce c-
Jun N-terminal kinase (JNK) activation in 2D6 cells [16],
the effect of A1 and/or B42 on IL-18-mediated JNK acti-
vation was determined. JNK phosphorylation was not
influenced by either tyrphostin (Fig. 4C).

Our previous study [16] demonstrated that while IL-18
elicits high levels of IFN-y promoter activation by induc-
ing a potent transcription factor AP-1 [17], the binding of
AP-1 to the IFN-y promoter requires its interaction with
STAT4. Namely, IL-12-activated STAT4 contributes to
IFN-y promoter activation by up-regulating the binding
activity of IL-18-induced AP-1. This was confirmed as
shown in Fig. 6A: the binding of IL-18-induced AP-1, as
determined by electrophoretic mobility shift assay
(EMSA), was enhanced when cells were stimulated
simultaneously with IL-12.

To show that STAT4 forms a complex with AP-1 to up-
regulate AP-1 binding, we took advantage of oligo DNA
precipitation techniques. Nuclear extracts from 2D6 cells
stimulated with IL-12 and/or IL-18 were allowed to inter-
act with agarose beads coupled to the AP-1-binding oli-
gonucleotide sequence. The bound proteins were ana-

lyzed by immunoblotting with anti-phosphoserine c-Jun/
anti-c-Jun or with anti-STAT4 (Fig. 6B). A much larger
amount of c-Jun bound to the AP-1 sequence in the
nuclear extract from IL-12/IL-18-stimulated than from IL-
18-stimulated cells. c-Jun in the former group was
serine-phosphorylated. Importantly, a large amount of
STAT4 was recovered from AP-1 oligo DNA precipitation
in this group, supporting the notion that STAT4 interacts
with c-Jun/AP-1 to facilitate c-Jun/AP-1 binding to the
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Fig. 3. IL-12-induced IFN-y production is inhibited by A1 but
not by B42. Cells from the 2D6 clone (A) or anti-CD3/anti-
CD28-activated lymph node T cells (B) were stimulated with
250 (A) or 1,000 (B) pg/ml rlL-12 for 12 h in the presence or
absence of A1 and/or B42. IFN-y concentrations in culture
supernatants were assayed by ELISA. Data are representa-
tive of five (A) and three (B) similar experiments.
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Fig. 4. A1 inhibits synergistic IFN-y production induced by simultaneous stimulation with IL-12 plus IL-18. (A, B) Cells from the
2D6 clone were harvested from 30-h cultures deprived of IL-12 and stimulated with 250 pg/ml rIL-12 and/or 100 ng/ml rIL-18 for
6 or 24 h (A) or for 10 h (B) in the presence or absence of 50 uM A1 and/or B42. (C) IL-12-starved 2D6 cells were stimulated with
100 ng/ml rlL-18 for 10 min in the presence of 50 uM A1 and/or B42. Cell lysates were immunoblotted with anti-phosphoserine
JNK Ab and reblotted with anti-JNK Ab. Data are representative of five (A), three (B) and two (C) similar experiments.

AP-1-related sequence [16]. Compared to STAT4, STAT3
was only slightly recovered (Fig. 6C). Based on these
observations, we examined whether A1-mediated inhibi-
tion of STAT4/STAT3 activation down-regulates the bind-
ing activity of IL-18-induced AP-1. As shown in Fig. 6D,
AP-1 binding activity induced by IL-12 plus IL-18 was
potently and slightly down-regulated by A1 and B42,
respectively, and almost completely by A1 plus B42.
Similar observations to those in Fig 6A-D were made
using primary activated T cells instead of 2D6 cells
(Fig. 7), except for a moderate inhibition in the induction
of AP-1 binding activity by B42 (Fig. 7D).

2.5 A1 inhibits IL-12-activated STAT4 from up-
regulating IFN-y promoter activation

We finally investigated the effect of tyrphostins on IFN-y
promoter activation induced by synergy between IL-12
and IL-18 (Fig. 8). For this, 2D6 cells were transiently
transfected with the luciferase reporter plasmid carrying
the IFN-y promoter fragment which contains the AP-1-
binding sequence [16]. High levels of IFN-y promoter
activation were induced by stimulation with IL-12 and
IL-18. This synergistic IFN-y promoter activation was
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Fig. 5. A1 inhibits IL-12/IL-18-induced IFN-y production by
primary activated T cells. Activated C57BL/6 or BALB/c
lymph node T cells were exposed to 1,000 pg/ml rIL-12 for
48 h to allow the induction of IL-18R. These T cells were
rested for 6 h in cultures without IL-12 and then stimulated
with 250 pg/ml IL-12 and/or 100 ng/ml IL-18 for 12 h in the
presence or absence of 50 uM A1 and/or B42. Data are rep-
resentative of two similar experiments.
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Fig. 6. A1 inhibits IL-12-activated STAT4 from up-regulating
the binding activity of IL-18-induced AP-1. (A and D) IL-12-
starved 2D6 cells were stimulated with 1,000 pg/ml IL-12
and/or 100 ng/ml IL-18 for 3 h in the presence or absence of
50 uM A1 and/or B42. Nuclear extracts were examined in
EMSA for binding to an oligonucleotide probe correspond-
ing to a consensus AP-1 binding sequence. Portions of the
same samples as used for AP-1 binding (upper panels) were
examined for SP-1 binding (a loading control; lower panels).
In one group in (D), EMSA was performed in the presence of
a 100-fold molar excess of unlabeled oligonucleotide com-
petitor which was incubated with the extracts prior to addi-
tion of labeled probe. (B and C) Nuclear extracts from
cytokine-stimulated 2D6 cells were incubated with agarose
beads coupled to AP-1 consensus oligonucleotide for
45 min. The bound proteins were separated by SDS-PAGE,
transferred to PVDF membranes, and blotted with anti-
phosphoserine c-Jun followed by reblotting with anti-c-Jun
or blotted with anti-STAT4 or anti-STAT3 Ab. Data are repre-
sentative of five (A), three (B), two (C) and three (D) similar
experiments.

almost completely canceled by treatment with A1. Taken
together, A1 inhibits the promoter-binding activity of IL-
18-induced AP-1 and IFN-y promoter activation by
down-regulating STAT4/STAT3 activation following IL-12
stimulation.

3 Discussion

The present results demonstrate that the JAK2 inhibitor
B42 inhibits IL-12-mediated T cell proliferation whereas
the TYK2 inhibitor A1 does not. In contrast, the contribu-
tion of IL-12 alone or together with IL-18 to IFN-y pro-
duction is selectively down-regulated by the TYK2 inhibi-
tor A1. The results also show that B42-mediated inhibi-
tion of Tcell proliferation correlates with down-
regulation of c-myc induction and STAT5 phosphoryla-
tion, while A1-mediated inhibition of IFN-y expression is
associated with a decrease in STAT4 phosphorylation.
IFN-y expression was induced much more potently by
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Fig. 7. A1 inhibits the induction of AP-1 binding by IL-12/IL-
18 stimulation in primary activated T cells. Activated BALB/c
lymph node T cells were exposed to 1,000 pg/ml IL-12 for
48 h. These T cells were rested for 6 h in the absence of IL-
12 and then stimulated with 1,000 pg/ml IL-12 and/or
100 ng/ml IL-18 for 3 h. The similar protocols of experiments
as in Fig. 6 [(A, D): EMSA; (B, C): oligo DNA precipitation]
were performed using primary activated T cells instead of
2D6 cells. Data are representative of five (A), three (B), two
(C) and three (D) similar experiments.

simultaneous stimulation with IL-12 and IL-18 than by
stimulation with IL-12 alone. While synergy was achieved
through the capacity of IL-12-activated STAT4 to up-
regulate the binding activity of IL-18-induced AP-1 to the
IFN-y promoter, A1 was shown to inhibit synergistic IFN-
v expression by down-regulating the activation of STAT4
and canceling its enhancing effect on AP-1 binding.

Distinct roles of JAK2 and TYK2 in the mediation of IL-12
bioactivities should be addressed based on selective
inhibition of these bioactivities by their respective inhibi-
tors. Regarding the specificity of targets for A1 and B42,
earlier studies [10] showed that A1 and B42 inhibit TYK2
and JAK2/JAK3 activation, respectively, following IL-12
stimulation. It is also possible that one or both of these
tyrphostins have kinase targets other than JAK. In fact, a
recent study of Du et al. [18] showed that A1 inhibits
CD40-mediated signaling pathway following CD40
ligand stimulation. Even though A1 may also act on (a)
kinase(s) other than JAK in these cases, A1 is considered
to inhibit TYK2 in IL-12R-mediated signaling.

Our previous study [11] showed that 2D6 cell prolifera-
tion correlates with JAK2 rather than with TYK2 activa-
tion; IL-12 induces STAT5 phosphorylation without JAK3
activation; and STAT5 physically interacts with JAK2,
although functional interactions between JAK2 and
STAT5 have not yet been demonstrated. The present
study defined such an interaction by demonstrating that
the JAK2 inhibitor reduces IL-12-induced STAT5 phos-
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Fig. 8. A1 inhibits IL-12/IL-18-induced IFN-y promoter acti-
vation. IL-12-starved 2D6 cells were transfected with 25 ug
of pGL3-IFN-y and 2 ug of pRL-TK plasmids and immedi-
ately stimulated with 1,000 pg/ml IL-12 and/or 100 ng/ml IL-
18 in the presence or absence of 50 uM A1 and/or B42. After
10 h, 2D6 cell lysates were subjected to the luciferase
reporter gene assay. Luciferase activity was normalized for
transfection efficiency against Renilla Luciferase activity
(PRL-TK plasmid). Relative luciferase activities were
expressed as ratios of each cytokine-stimulated group to a
control (cytokine-stimulation-negative) group. Data are rep-
resentative of three similar experiments.

phorylation and confirmed a role for JAK2 in IL-12 induc-
tion of T cell proliferation [10]. In addition, c-myc as a
representative growth-related gene was found to be
induced following IL-12 stimulation, consistent with a
previous report [19]. This c-myc induction was depen-
dent on JAK2 activation. While a role of STAT5 has not
been defined for c-myc regulation, these results suggest
the involvement of JAK2 and STATS5 in c-myc-associated
mitogenic signaling.

In contrast to T cell proliferation, it appears that IFN-y
production more closely correlates with TYK2 phosphor-
ylation than does JAK2 activation. This is accordant with
a study using TYK2-deficient mice [20]. However, the
study of Bright et al. [10] using A1 and B42 inhibitors
showed results fundamentally different from ours regard-
ing the effect of the inhibitors on IFN-y production. In
their study, both A1 and B42 down-regulated IL-12-
stimulated IFN-y production, and the inhibitory effect
was stronger in the latter compared to the former. The
discrepancy in the effect of B42 on IFN-y production
between their study and ours may be reconciled by con-
sidering the exposure times of the responding cells.
Their study examined the effect of B42 by culturing Th1
cells with B42 for 48 h [10]. Because B42 induces inhibi-
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tion of T cell growth, the B42-mediated inhibitory effect
on IFN-y production may involve a reduction in IFN-y
production due to a decrease in the number of viable
cells. In fact, we found that more than 24-h culture in the
presence of B42 decreases the number of viable cells
along with an increase in the number of dead cells in our
2D6 Th1 cell model (unpublished observations). There-
fore, we defined the culture period during which the
numbers of viable cells do not greatly differ between the
inhibitor-exposed and control groups. We found that B42
did not produce any inhibitory effect on IFN-y production
during the defined culture period.

A critical role for STAT4 in IL-12-stimulated IFN-y pro-
duction has been demonstrated by establishing STAT4-
deficient mice [21, 22]. However, it is obvious that IL-18
is a much stronger inducer of IFN-y production than IL-
12 [15-17]. It has also been established that the expres-
sion of potent IL-18 activity depends on simultaneous
stimulation with IL-12 [15-17]. Recent studies have indi-
cated that IL-12 and IL-18 utilize different signaling path-
ways for IFN-y production [14, 17] and that a mechanism
of their synergy stems from their collaboration at the
transcriptional level of IFN-y gene expression [16, 17]. An
interesting aspect of this study concerns the down-
regulatory effect of the TYK2 inhibitor A1 on IL-12/IL-18-
induced IFN-y production. Potent inhibition of IL-12/IL-
18 synergy by A1 may raise the following possibilities: A1
inhibits IL-18 signaling as well or almost completely
abrogates the enhancing effect of IL-12 on IL-18 signal-
ing. IL-18 is known to induce NF-kB [14] and JNK activa-
tion [14, 23], both of which are potentially involved in
IFN-vy gene expression. Stimulation of 2D6 cells with IL-
18 induced only marginal levels of NF-xB (unpublished
observations), but IL-18 induced JNK activation ([16] and
this study). The present study showed that A1 does not
inhibit IL-18-induced JNK activation, making it unlikely
that A1 modulates this pathway of IL-18 signaling.

An important set of transcription factor-binding sites
resides between positions —280 and -180 on the IFN-y
promoter [24], including STAT-common binding motif-
and AP-1-binding sites. These were shown to be respon-
sible for IL-12/IL-18-mediated activation of the human
IFN-y promoter [17]. However, our previous study [16]
demonstrated that mouse STAT4 does not bind to the
STAT-common binding site; the synergistic activation of
the promoter fragment lacking this site can also be
induced by IL-12/IL-18 stimulation. STAT4 up-regulated
IFN-vy promoter activation not by direct binding to a given
promoter region but by enhancing the transactivation of
IL-18-induced AP-1 through the formation of the STAT4-
AP-1 complex [16]. Because the interaction of STAT4
with AP-1 is an essential mechanism of synergy for IFN-y
production, this mechanism could explain the present
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results that A1 capable of down-regulating the TYK2-
STAT4 signaling pathway can markedly inhibit IL-12/IL-
18-mediated synergistic IFN-y expression. The present
study also supports the mechanism of STAT4-mediated
up-regulation of IFN-y promoter activation that was
shown in the previous study [16].

IL-12 itself failed to induce JNK activation [16] but was
capable of inducing the accumulation c-Jun in the
nuclear compartment along with the recruitment of
STAT4 [16]. Therefore, stimulation with IL-12 alone
resulted in the formation of the STAT4-c-Jun/AP-1 com-
plex [16]. However, without serine phosphorylation of c-
Jun/AP-1, binding of this complex to the AP-1-binding
sequence in the IFN-y promoter was quite low. In fact,
the recovery of c-Jun/AP-1 from the AP-1 sequence was
very poor compared to that from IL-12/IL-18-stimulated
cells ([16] and this study). This suggests that only low
levels of IFN-y expression are mediated by IL-12-
activated STAT4 alone. It is also possible that IFN-y
expression mediated by serine-unphosphorylated c-
Jun/AP-1 still occurs in the presence of A1 during IL-12
stimulation.

The present study illustrates a mechanism by which an
inhibitor of a particular JAK regulates IL-12/IL-18-
mediated production of a representative inflammatory
cytokine IFN-y. Such a regulatory effect is considered
biologically relevant because strikingly high levels of
IFN-y production elicited by two IFN-y-inducing cyto-
kines are controlled. It should also be noted that this reg-
ulation is induced under conditions in which T cell
growth is not affected. Thus, our results could provide
significant implications for the development of drugs to
regulate Th1 inflammatory responses involving excess
IFN-y expression.

4 Materials and methods

4.1 Cell line

The 2D6 mouse T cell clone capable of responding to IL-12
and IL-18 was used [15, 16, 25].

4.2 Reagents

A1 (C41HgN,O) and B42 (C4;H4N,O3) were obtained from LC
Laboratories (Woburn, MA). Mouse rIL-12 and rIL-18 were
provided by Genetics Institute Inc. (Cambridge, MA) and
Hayashibara Biochemical Laboratories (Okayama, Japan),
respectively. The following polyclonal rabbit antisera and
monoclonal antibodies (mAb) were purchased: polyclonal
anti-JAK2, anti-TYK2, anti-STAT4, anti-STAT5, anti-STAT3,
anti-c-Jun and anti-c-Myc Ab were from Santa Cruz Bio-
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technology, Inc. (Santa Cruz, CA); anti-phosphotyrosine
mADb (PY20) was from Transduction Laboratories (Lexington,
KY); anti-JNK, anti-phospho-JNK and anti-phosphoserine-
c-Jun Ab were from New England Biolabs (Beverly, MA).

4.3 Preparation of primary activated T cells

BALB/c and C57BL/6 mice were purchased from Shizuoka
Experimental Animal Center (Hamamatsu, Japan). T cell
populations were prepared from lymph node cells, and pri-
mary activated T cells were prepared as described [16].
Briefly, lymph node T cells were stimulated with 5 ug/ml
immobilized anti-CD3 and 2 ug/ml co-immobilized anti-
CD28 mAb for 2 days and then recultured in the presence of
1,000 pg/ml rIL-12 for 2 days to induce IL-18R.

4.4 Proliferation of 2D6 cells

Cells from the 2D6 clone (2x10*well) were cultured with rlL-
12 for 24 h in 96-well microculture plates (Corning 25860,
Corning Glass Works, Corning, NY). Cells were harvested
after a final 6-h pulse with 20 kBg/well of [*H]thymidine.
Results were calculated from [PHJthymidine uptake and
expressed as mean cpm (+ SE) of triplicate cultures.

4.5 IFN-y production by T cells and measurement of
IFN-y concentration

Cells from the 2D6 clone (2x10°%/well) or primary activated
T cells (4x10%well) were cultured with rIL-12 (250 pg/ml),
rlL-18 (100 ng/ml) or a combination of these in 24-well cul-
ture plates (Corning 25820). After 24 h, IFN-y concentrations
in supernatants were measured using mouse IFN-y ELISA
kits (Genzyme, Cambridge, MA).

4.6 Preparation of cytoplasmic and nuclear extracts

Cells were harvested by centrifugation, washed with
phosphate-buffered saline, and lysed in cell lysis buffer A
[20 MM Hepes-KOH pH 7.0, 10 mM KCI, 1 mM MgCl,,
50 mM NaF, 1 mM NazVO,, 0.1% NP40, 10% glycerol,
0.5 mM dithiothreitol, 0.25 mM phenylmethylsulfonyl fluo-
ride (PMSF), 2 ug/ml aprotinin, 2 ug/ml leupeptin and
0.1 mM Pefablock (Boehringer Mannheim)]. Nuclei were
separated from cytoplasmic extracts by centrifugation and
washed in buffer A. For immunoprecipitation/immunoblot-
ting, nuclear extracts were prepared in buffer B (buffer A
containing 0.3 M NaCl without detergent). For EMSA,
nuclear extracts were prepared in buffer C (20 mM Hepes-
NaOH pH 7.9, 20mM NaF, 1 mM NazVO,, 1 mM EDTA,
0.1 mM EGTA, 0.42 M NaCl, 1 mM dithiothreitol, 1 ug/ml
aprotinin, 1 ug/ml leupeptin and 0.1 mM Pefablock).
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4.7 Immunoprecipitation and immunoblotting

Lysates were immunoprecipitated with anti-JAK2, -TYK2,
-STAT4, -STAT3 or -STAT5 antisera conjugated to protein A-
coupled Sepharose beads. The immunoprecipitates were
resolved on 7.5% SDS-polyacrylamide gels and transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore
Corp., Bedford, MA). For immunoblotting with anti-
phosphotyrosine mAb, membranes were blocked in Tris-
buffered saline (TBS) containing 1% fish gelatin, 5% BSA,
and 0.1% Tween 20 and sequentially incubated with anti-
phosphotyrosine  mAb and horseradish peroxidase-
conjugated sheep anti-mouse IgG F(ab’)2 (Amersham,
Arlington Height, IL). Detection was performed by enhanced
chemiluminescence (ECL; Amersham). For immunoblotting
with Ab to JAK family or STAT proteins, membranes were
blocked in TBS containing 0.1% Tween 20 and 5% BSA,
incubated sequentially with primary Ab and horseradish
peroxidase-conjugated donkey anti-rabbit IgG F(ab’)2
(Amersham), and detected with ECL. When a membrane
was reprobed, it was first treated in reducing SDS buffer
(100 mM 2-ME, 2% SDS, 62.5 mM Tris-HCI pH 6.7).

4.8 Electrophoretic mobility shift assay

The binding reaction was performed in a total volume of
20 ul in the following buffer: 10 mM Hepes-NaOH (pH 7.9),
1 mM EDTA, 30 mM NaCl, 0.1% NP40, 1 mM dithiothreitol,
1 mg/ml BSA and 5% glycerol. Each reaction, also contain-
ing 3 ug poly-(di-dC) and **P-end-labeled probe, was initi-
ated by the addition of ~9 pg nuclear extract and allowed to
incubate at room temperature for 30 min prior to electropho-
retic analysis on a 4.5% polyacrylamide gel in 0.25x TBE
buffer. The AP-1 consensus oligonucleotide probe 5’-
CGCTTGATGACTCAGCCGGAA-3’ was purchased from
Santa Cruz Biotechnology Inc. The SP-1 oligonucleotide
probe 5-ATTCGATCGGGGCGGGGCGAGC-3’ was from
Sigma Genosys Japan (Ishikari, Japan).

4.9 Reporter gene assay

The luciferase reporter plasmid containing a fragment of the
mouse IFN-y promoter sequence (positions —-436 to +113)
was constructed [16]. Luciferase reporter plasmid (25 ug)
and 2 ug of pRL-TK reporter plasmid were cotransfected
into 2D6 cells as previously described [16]. After transfec-
tion, the cells were stimulated with IL-12 (1,000 pg/ml) and/
or IL-18 (100 ng/ml) for 10 h. A reporter gene (luciferase)
assay was performed according to the procedure recom-
mended by Promega. Data were normalized for transfection
efficiency against Renilla luciferase activity of the pRL-TK
reporter plasmid (Promega). The relative luciferase activity of
each cytokine-stimulated sample was expressed as a ratio
to the control (cytokine-unstimulated) sample.
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4.10 Oligo DNA precipitation

The procedure was essentially the same as that previously
described [26]. Nuclear extracts were incubated with aga-
rose beads coupled to an AP-1 consensus oligonucleotide
(TGACTCA,; Santa Cruz Biotechnology). The binding reac-
tion was performed for 45 min at 4°C in a binding buffer con-
taining 100 mM NaCl, 10 mM Tris-HCI pH 7.5, 0.1 mM
EDTA, 1 mM dithiothreitol, 5% glycerol, 0.1% NP40, 0.2 mM
PMSF, 10 pug/ml leupeptin, 10 pug/ml aprotinin, 1 mM
NazVO,, 50 mM NaF, 1 mg/ml BSA and 30 ug/ml poly-(dl-
dC). The agarose beads were washed five times with binding
buffer. The bound proteins were released with SDS loading
buffer, separated by 10% SDS polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to PVDF membrane, and
visualized with the relevant Ab.

4.11 Reverse transcription polymerase chain reaction

The procedure was essentially the same as that previously
described [27]. The following oligonucleotides were used: c-
myc sense primer 5-CAGGACTGTATGTGGAGCGGTTTC-
TCAGCC-3’; c-myc anti-sense primer 5-TGCTCTTCT-
TCAGAGTCGCTGCTGGTGGTG-3’; p-actin sense primer
5’-AGAAGAGCTATGAGCTGCCTGACG-3’; and pB-actin anti-
sense primer 5'-CTTCTGCATCCTGTCAGCAATGCC-3'.
Cycle parameters were: annealing for 1 min at 60°C (c-myc)
or 55°C (B-actin), elongation for 2 min at 72°C, and denatur-
ation for 1 min at 94°C. The resulting PCR products were
separated in 2% agarose gels (TaKaRa, Otsu, Japan) and
visualized by ethidium bromide staining. Sequences of the
c-myc and p-actin (for standardization) were amplified out of
each cDNA batch with 25 and 23 ampilification cycles,
respectively.
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