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ABSTRACT The central role of type-2 helper T (Th2) cells
in the development of allergic responses and immune re-
sponses against helminthic parasites is well documented. The
differentiation of Th2 cells from naive T cells requires both the
recognition of antigen by T cell antigen receptors (TCR) and
the activation of downstream signal-transduction molecules of
the interleukin 4 receptor (IL-4R) pathway, including Jakl,
Jak3, and STATS6. Little is known, however, about how these
two distinct pathways cooperate with each other to induce Th2
cells. Here, we use a T cell-specific H-Ras-dominant-negative
transgenic mouse to show that TCR-mediated activation of the
Ras/mitogen-activated protein kinase pathway alters IL-4R
function and is required for Th2 cell differentiation. The
enhancement of IL-4R signaling seems to be a consequence of
both direct “crosstalk” with the TCR signaling pathway and
increased protein expression of downstream signaling mole-
cules of the IL-4R pathway. Therefore, successful Th2 differ-
entiation depends on the effectiveness of the TCR-mediated
activation of the Ras/mitogen-activated protein kinase path-
way in modifying the IL-4R-mediated signaling pathway.

CD4" helper T cells can be divided into two distinct subpopu-
lations: type-1 helper T (Thl) cells and type-2 helper T (Th2)
cells (1). Thl cells produce interleukin (IL)-2, interferon
(IFN)-v, and tumor necrosis factor B, whereas Th2 cells
produce IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13. The devel-
opment of Th1 and Th2 cells is central to the diversity of helper
T cell-dependent immune responses in infectious, allergic, and
autoimmune diseases (2-4). Thl cells mediate delayed type
hypersensitivity and organ-specific autoimmune diseases,
whereas Th2 cells play important roles in allergic and infec-
tious diseases.

Both Thl and Th2 cells differentiate from a common
precursor, and the direction of differentiation into Thl and
Th2 cells depends on the exogenous cytokines present during
primary antigenic stimulation of naive T cells (2-4). IL-12
promotes the differentiation of naive T cells into Th1 effector
cells (5, 6), whereas IL-4 is required for Th2 cell differentiation
(7, 8). For Th2 cell differentiation, the activation of signal-
transduction pathways downstream of the IL-4 receptor (IL-
4R) is essential, as evidenced by the fact that mice harboring
gene disruptions for IL-4 (9, 10) or STAT6 (11-13) fail to
produce Th2 cells. Recently, we and others have shown that
IL-4-induced phosphorylation of STAT6 and Jakl was de-
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tected within a few minutes in Th2 cell clones and Th2 cells
differentiated in vitro, whereas their phosphorylation was not
detected in Th1 cells (14, 15). Thus, it is conceivable that the
activation levels of signaling events downstream of IL-4R are
critical for Th2 cell differentiation and for maintaining the Th2
phenotype with IL-4 production. Antigen recognition by T cell
antigen receptors (TCR) is also indispensable for both Th1 and
Th2 cell differentiation (3). We have reported that there is a
preferential requirement for the activation of a primary ty-
rosine kinase, pS6-¢K (Lck), for TCR-mediated signal trans-
duction in Th2 cell differentiation (16). Little is known,
however, about which downstream signal-transduction path-
ways of Lck, such as the Ras/mitogen-activated protein kinase
(MAPK) pathway, are critical for Th2 cell differentiation and
how these downstream signaling molecules regulate Th2 cell
differentiation.

Here, we show that TCR-mediated activation of the Ras/
MAPK pathway is required for Th2 cell differentiation and
that the activation of the Ras/MAPK pathway alters IL-4R
function directly, probably by up-regulating the kinase activity
of Jakl, which enhances STAT6 tyrosine phosphorylation.
Thus, Th2 cell differentiation seems to be regulated by
“crosstalk” between the TCR-mediated activation of the Ras/
MAPK pathway and the IL-4R-mediated STAT6 pathway.

MATERIALS AND METHODS

Animals. C57BL/6 (B6) and BALB/c mice were purchased
from CLEA Japan (Osaka). A T cell-specific H-ras dominant-
negative (dnRas) transgenic (Tg) mouse with the Ick proximal
promoter has been described (17). The Tg mouse line, which
we used to generate substantial numbers of mature thymocytes
and splenic T cells, had relatively low copy numbers of the
transgene. A significant level of Ick proximal promoter activity
was detected in mature T cells (18). Anti-ovalbumin (OVA)-
specific TCRaB (DO10) Tg mice (19) were provided by
Dennis Loh (Nippon Roche Research Center, Kanagawa,
Japan). All mice used in this study were maintained under
specific pathogen-free conditions.
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T Cell Purification. CD4" T cells with naive phenotype
(CD44'%) were isolated from spleens on a FACSVantage cell
sorter (Becton Dickinson) as described (16), yielding purity of
>98%. Where indicated, naive (CD44°%) CD4* T cells from
the spleen were prepared as follows. Splenocytes were incu-
bated with culture supernatant of both anti-CD8 (53-6.72) and
anti-CD44 (IM7) mAbs (PharMingen). The treated cells were
washed and then incubated on plastic dishes coated with goat
anti-mouse IgGs (which crossreact with rat IgG, including
53-6.72 and IM7). The nonadherent cells were used as a
CD44"% T cell population. Contamination of naive CD44!%
CD4" cells and CD8 T cells was less than 3%.

Immunofluorescent Staining and Flow Cytometry Analysis.
In general, one million cells were incubated on ice for 30 min
with the appropriate staining reagents, according to a standard
method (20). For IL-4R staining, naive CD4 T cells were
cultured for 2 days with IL-4 (100 units/ml), immobilized
anti-TCR (H57-597; 30 wg/ml) and anti-IL-4, or immobilized
anti-TCR and IL-4. Then, the cells were incubated with
anti-IL-4Ra mADb (Genzyme), followed by anti-rat Ig labeled
with fluorescein isothiocyanate and anti-CD4 labeled with
phycoerythrin (GK1.5-PE, PharMingen). Flow cytometry
analysis was performed on FACSort and FACSVantage (Bec-
ton Dickinson), and results were analyzed with CELLQUEST
software (Becton Dickinson). The free intracellular calcium
ion concentration was measured as described (20).

Intracellular Staining of IL-4 and IFN-y. Intracellular
staining of IL-4 and IFN-y was performed as described (16).
Briefly, the cultured T cells were restimulated with anti-TCR
mAb (H57-597; 30 wg/ml; ref. 21) for 6 h in the presence of
2 uM monensin, which inhibited the secretion of newly pro-
duced protein. Then, the cells were fixed with 4% parafor-
maldehyde for 10 min at room temperature and made perme-
able with 0.5% Triton X-100 (in 50 mM NaCl/5 mM EDTA/
0.02% NaNj3, pH 7.5) for 10 min on ice. After blocking with 3%
BSA in PBS for 15 min, cells were incubated on ice for 45 min
with anti-IFN-y labeled with fluorescein isothiocyanate
(XMG1.2-FITC) and anti-IL-4 labeled with phycoerythrin
(11B11-PE), which were purchased from PharMingen. The
stained cells were washed extensively with PBS supplemented
with 1% fetal calf serum and 0.1% NaNG.

Immunoprecipitation and Immunoblotting. In all experi-
ments, cells were stimulated with IL-4 (100 units/ml) for 5 min
at 37°C, and the reactions were terminated by adding a 10-fold
volume of ice-cold PBS. Cells were harvested, washed two
times with ice-cold PBS, and made soluble in lysis buffer (50
mM TrissHCl, pH 7.4/150 mM NaCl/1 mM NaF/1 mM
Na3;VO,/1 mM EGTA/1% Nonidet P-40/0.25% sodium de-
oxycholate/1 mM phenylmethylsulfonyl fluoride/1 pg/ml
aprotinin/1 ug/ml leupeptin/1 pg/ml pepstatin). Antiserum
was added to each sample, and samples were incubated at 4°C
overnight. Subsequently, 50 ul of protein G-Sepharose was
added, and samples were agitated for an additional 2 h at 4°C.
After washing the beads three times with lysis buffer, the
precipitates were resuspended in 50 ul of 2X Laemmli sample
buffer containing 5% 2-mercaptoethanol, boiled for 5 min, and
run on SDS/7.5% PAGE. Proteins were transferred to a
poly(vinylidene difluoride) membrane and then subjected to
immunoblotting with anti-phosphotyrosine (RC20; Transduc-
tion Laboratories, Lexington, KY) or with antiserum reactive
with STAT6 (R&D systems), Jakl, or Jak3 (Upstate Biotech-
nology) or a mAb reactive with IL-4Ra (Genzyme).

MAPK Assay. CD4 T cells were treated with anti-TCR and
anti-CD4 mAD and then crosslinked with goat anti-hamster Ig
antibodies. After stimulation, cells were solubilized in lysis
buffer (50 mM Tris-HCI, pH 7.4/150 mM NaCl/1 mM NaF/10
mM Na3;VO4/2 mM EDTA/1% digitonin/40 ug/ml aproti-
nin/20 pg/ml leupeptin), after which 0.35 X 107 cell equiva-
lents were reduced with 50 mM DTT and separated on an
SDS/12.5% polyacrylamide gel. Proteins were transferred to a
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poly(vinylidene difluoride) membrane and then subjected to
immunoblotting by using a phospho-MAPK detection kit
(9100; New England Biolabs).

Proliferation Assay. Naive and cultured CD4 T cells were
stimulated for 40 h in 200 ul of culture medium containing 100
units/ml of recombinant IL-4. For the last 16 h, [*H]thymidine
(0.5 nCi per well) was added to the stimulation culture, and
the incorporated radioactivity was measured by using a
B-plate (16).

Measurement of 2,4,6-Trinitrophenyl (TNP)-Specific Igs by
ELISA. The heterozygous dnRas Tg mice with (B6 X BALB/
¢)F; background were immunized with 100 ug of TNP;s-
keyhole limpet hemocyanin in complete Freund’s adjuvant.
The concentration of anti-TNP antibody (IgG1 and IgG2a) in
the serum was measured by ELISA with horseradish peroxi-
dase-conjugated anti-mouse IgGl (Zymed) or anti-mouse
IgG2a (Zymed), respectively (16). For measurements of IgE,
OVA (20 pg) in alum was used to immunize mice, after which
the serum concentration of OVA-specific IgE was determined
with OVA-coated 96-well plates and anti-IgE mAb (Yamasa
Shoyu, Chosin, Japan).

RESULTS AND DISCUSSION

Signal Transduction Through TCR and IL-4R in Naive CD4
T Cells from dnRas Tg Mice. In this paper, we assessed the role
of the Ras/MAPK pathways on Th2 cell differentiation by
using a Tg mouse model system that specifically directed
expression of a dnRas (pRHLN17) transgene in T cells (17).
We used a Tg mouse line that expressed relatively low copy
numbers of the transgene, and only a weak inhibition of
positive selection of T cells in the thymus was observed (data
not shown). In addition, slightly decreased but substantial
numbers of splenic CD4 T cells were detected in the dnRas Tg
mice. In the spleen of dnRas Tg mice, naive (CD44!°%) CD4*
T cells show a normal range of surface phenotypes, such as
usage of the variable region of the TCRf3 chain and expression
levels of TCRaB, CD3e, CD4, CD25, and CD69 (data not
shown). First, we assessed the TCR-mediated signal-
transduction pathways in T cells from dnRas Tg mice. As
shown in Fig. la, freshly isolated splenic CD4 T cells re-
sponded normally to TCR crosslinking and mobilized intra-
cellular calcium. Anti-TCR-mAb-induced TCR-{ phosphory-
lation was not impaired (data not shown). In marked contrast,
the activation of MAPK kinase (MAPKK) after anti-TCR
stimulation, as determined by MAPK (Erkl and Erk2) phos-
phorylation, was compromised severely (Fig. 1b). Anti-TCR-
induced proliferative responses and IL-2 production of naive
CDA4 T cells of dnRas Tg mice were decreased slightly, whereas
the levels of IL-4 and IFN-vy production were not decreased but
increased (data not shown).

Next, we investigated both proximal and distal signaling
events mediated by the IL-4R in naive CD4 T cells from dnRas
Tg mice. Naive CD4 T cells expressed equivalent levels of
IL-4R« chain, and its expression was up-regulated normally
with IL-4 stimulation (Fig. 1c). Similarly, no significant dif-
ference in IL-4Ra expression was detected after stimulation
with either anti-TCR and anti-IL-4 or anti-TCR and IL-4. The
amounts of STAT6 protein (data not shown) and IL-4-induced
STATG6 phosphorylation were normal (Fig. 1d). IL-4-induced
proliferation was also equivalent (Fig. 1e). In addition, anti-
TCR-induced phosphorylation of JNK and SAPK was not
impaired in dnRas Tg naive CD4 T cells (data not shown).
Thus, downstream signal-transduction pathways of TCR and
IL-4R in naive CD4 T cells of dnRas Tg mice seemed to be
normal, except the TCR-mediated Ras/MAPK pathway.

Requirement for Activation of Ras/MAPK Pathway in Th2
Cell Differentiation in Vitro and in Vivo. The requirement for
activation of Ras/MAPK signaling pathways in Th1/Th2 cell
differentiation was examined through the use of in vitro
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FiG. 1. Signal transduction through TCR and IL-4R in naive CD4
T cells from dnRas Tg mice. (@) Intracellular free-calcium ion levels
after TCR crosslinking (at white gap) were measured by flow cyto-
metric analysis of Indo-1-labeled naive CD4 T cells of dnRas Tg mice
and littermate (LM) controls. The mean ratio of violet to blue
fluorescence of Indo-1 is plotted versus time after stimulation. Shown
are data obtained by gating electronically on CD4 T cells. The
percentages of responding cells and mean percentages are also shown.
(b) Phosphorylation status of MAPK (Erk1 and Erk2) was examined
2 min and 5 min after TCR crosslinking by using a phospho-MAPK
detection kit. Shown is the relative increase (fold) in phosphorylation
of Erkl and Erk2 with respect to unstimulated control cells (time 0).
Densitometric measurement was used for the quantification; three
independent experiments were done, and similar results were ob-
tained. (¢) Cell-surface expression of IL-4Ra chain on naive CD4 T
cells from Tg~ LM mice (dotted line) and from dnRas Tg mice (solid
line) was determined after a 2-day induction culture with indicated
stimulants. Background staining is shown (hatched areas). (d) Ty-
rosine phosphorylation of STAT6 in response to IL-4 in naive CD4 T
cells from dnRas Tg mice. Freshly prepared CD44°% T cells were
stimulated with IL-4 (100 units/ml) for 5 min, and the tyrosine
phosphorylation status of STAT6 was assessed by immunoblotting
with anti-phosphotyrosine mAb (RC20). Arbitrary densitometric units
are shown under each band. (¢) Normal proliferative response to IL-4
(100 units/ml for 40 h) by naive CD4 T cells from dnRas Tg mice.

induction culture systems (16). Naive CD4 T cells from dnRas
Tg mice crossed with DO10 Tg mice (19) were stimulated with
antigenic OVA peptide in the presence of antigen-presenting
cells for 5 days. T cells from DO10 Tg mice that are not dnRas
Tg LM preferentially differentiated into IL-4-producing Th2
cells in an antigen-dose-dependent fashion (Fig. 2a Upper).
However, in dnRas X DO10 double-Tg mice, development of
Th2 cells was compromised severely, and a significant increase
in the number of Th1 T cells was observed (Fig. 2a Lower). The
impairment of Th2 cell differentiation was confirmed by
measuring another Th2 cytokine, IL-5, by ELISA (data not
shown). Th2 cell differentiation induced by a minimal dose of
antigenic peptide and exogenous IL-4 was also inhibited in
dnRas X DO10 double-Tg mice (Fig. 2b Left). Because the
activation of Ras/MAPK does not seem to be involved in the
IL-4R-mediated signal-transduction pathway (22) and IL-4R
function is normal in dnRas Tg T cells (Fig. 1), the observed
blocking effect seems to be caused by a consequence of
TCR-mediated Ras/MAPK activation. In contrast, IL-12-
dependent induction of Thl cell differentiation remained
intact (Fig. 2b Right). Both Th1 and Th2 cells were generated
when naive CD4 T cells from non-TCR Tg (B6 X BALB/c)F,
LM mice were stimulated with anti-TCR mAbD in the presence
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of exogenous IL-2 and IL-4 (Fig. 2¢). In this condition, the
generation of Th2 cells was inhibited significantly in dnRas Tg
culture, whereas that of Thl cells was enhanced significantly
(31.8% vs. 71.7%). To exclude the possibility that the observed
blocking effect on Th2 cell differentiation is caused by a
skewed development and an accumulation of Th1 cell precur-
sors in dnRas Tg mice, we extended the analysis by using
normal (B6 X BALB/c)F; mice and a specific inhibitor of
MEK (MAPKK), PD98059 (23, 24). As we expected, the
addition of 10 uM and 30 uM PD98059 to the induction
culture blocked Th2 cell differentiation in a dose-dependent
manner (Fig. 2c Lower). Thus, these results clearly show that
the TCR-mediated activation of Ras/MAPK pathway was
required for Th2 differentiation in vitro. The enhanced gen-
eration of Th1 cells observed in dnRas Tg T cell cultures or
normal T cell cultures treated with PD98059 could be a
consequence of a “default” pathway of Th1 cell differentiation
as proposed (25). Wortmannin (a phosphatidylinositol 3-ki-
nase inhibitor) and SB203580 (a p38 MAPK inhibitor) had no
effect on Th2 cell differentiation (data not shown). However,
it is still possible that other Ras-induced signaling pathways
may involved in the differentiation process of Th2 cells in
addition to the Erk MAPK pathway.

Th2 cells play an important role in stimulating B cells to
produce high levels of antigen-specific IgG1 and IgE in vivo,
whereas the IgG2a isotype seems to be a consequence of Thl
cell differentiation (26). Consequently, we wished to assess the
role for Ras activation in Th2 cell differentiation in vivo by
using dnRas Tg mice and assessing the isotype of antigen-
specific antibodies. Control LM mice and dnRas Tg mice were
immunized with TNP-keyhole limpet hemocyanin, and serum
concentrations of TNP-specific IgG1 and IgG2a were mea-
sured. The serum concentrations of Th2 cell-dependent iso-
type IgG1 were significantly lower in dnRas Tg mice (Fig. 2d
Left). Thl-dependent IgG2a levels were not decreased but
increased about 2-fold (Fig. 2d Center). In addition, the serum
concentration of OVA-specific IgE was decreased significantly
in dnRas Tg mice (Fig. 2d Right). These results are consistent
with substantial impairment of antigen-specific Th2 cell dif-
ferentiation in vivo in dnRas Tg mice, whereas Thl cell
differentiation remained intact and was enhanced.

Improvement of IL-4R Function After TCR Stimulation for
2 Days. For Th2 cell differentiation, TCR-mediated activation
of the Ras/MAPK pathway and IL-4-mediated activation of
STATG6 are required. The IL-4 treatment of naive T cells
without TCR ligation does not induce Th2 cell differentiation
(3), and IL-4 receptor function differs between established Th1
and Th2 clones (14, 15). Therefore, TCR-mediated activation
of the Ras/MAPK pathway may alter IL-4R-mediated signal-
ing. Consequently, we investigated whether TCR stimulation
induced changes in IL-4R-mediated signaling. Fig. 3a shows
the generation of Thl and Th2 cells from naive T cells 2 days
or 5 days after TCR stimulation in the presence of IL-2 and
IL-4. At 2 days, only a few T cells express Thl or Th2
phenotype. However, IL-4-induced phosphorylation of STAT6
protein was enhanced dramatically (1.0% vs. 17.5%) in the
cells stimulated with anti-TCR for 2 days (induction culture;
Fig. 3b Left). The expression levels of STAT6 protein also were
increased with TCR stimulation in the induction culture.
Interestingly, the enhancement was not affected by the deple-
tion of IL-4 from the induction culture caused by the neutral-
izing antibody (Fig. 3b Right), indicating that the changes were
caused by TCR-mediated consequences. Consistent with the
phosphorylation levels of STAT6, IL-4-induced proliferation
was improved greatly when naive T cells received TCR-
mediated stimulation (Fig. 3c). Although the treatment with
IL-4 alone increased cell-surface expression levels of IL-4R
(Fig. 1c¢), IL-4R function was not improved in terms of
IL-4-dependent proliferation (Fig. 3c).
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and intracellular production of IFN-y and IL-4 was detected. (b) Naive T cells were stimulated with either a minimal dose (0.3 uM) of antigenic
peptide and exogenous IL-4 (100 units/ml; Left) or with 1 uM antigenic peptide in the presence of anti-IL-4 mAb and exogenous IL-12 (0.1 unit/ml;
Right). (c) Th1/Th2 cell differentiation of naive T cells from dnRas Tg mice with (B6 X BALB/c)F; background and the effect of a specific inhibitor
of MEK (MAPKK), PD 98059. Naive CD4 T cells from normal and dnRas Tg mice were stimulated with immobilized anti-TCR in the presence
of IL-2 (30 units/ml) and IL-4 (100 units/ml) for 2 days and then cultured in the medium with the same concentrations of IL-2 and IL-4 for another
3 days. The cultured cells were subjected to intracellular staining with anti-IL-4 and anti-IFN-y. (d) Effect of overexpression of dnRas on helper
T cell differentiation in vivo. Tg~ LM mice and dnRas Tg mice were primed on day 0 and boosted on day 21; 2 weeks after each immunization,
serum concentrations of antigen-specific antibodies were determined by ELISA. Mice with B6 backgrounds were immunized with TNP-keyhole
limpet hemocyanin (100 pg per mouse) in complete Freund’s adjuvant, and serum concentrations of TNP-specific IgG1 and IgG2a were measured
(Left and Center). DO10 X dnRas Tg~ control (D10*/~) and DO10 X dnRas double-Tg (D10*/~ X dnRas) mice were immunized with OVA (100
g per mouse) in alum, and serum concentrations of OVA-specific IgE were measured (Right). Bars depict mean values of four animals with standard

deviations expressed as error bars.

Involvement of Ras/MAPK Pathway in the Improvement of
IL-4R Function. Consequently, we wished to assess the in-
volvement of TCR-mediated Ras/MAPK activation in the
improvement of IL-4R function. Naive CD4 T cells were
prepared from dnRas Tg mice with panning and cultured with
anti-TCR mAb in the presence of IL-2 and IL-4 for 2 days, and
then the phosphorylation status of STAT6, IL-4Re, Jakl1, and
Jak3 was assessed after 5 min of IL-4 stimulation. As shown in
Fig. 4a, all of these signaling molecules were tyrosine phos-
phorylated after 5 min of IL-4 stimulation in Tg~ LM mice.
However, their phosphorylation was decreased substantially in
dnRas Tg mice. The decrease was most dramatic in IL-4R«
and Jak1 with respect to the amount of protein present in the
precipitates. During the first 2 days of the induction culture
with anti-TCR, protein expression levels of STAT6 (Fig. 3b),
IL-4Re, Jakl, and Jak3 (data not shown) were increased.
Therefore, TCR-mediated signals induced two different ef-
fects on IL-4R-mediated signal transduction: an increase in the
amount of STAT6, Jakl, and Jak3 protein and increased
susceptibility in the phosphorylation of these molecules. The
latter seemed to be a consequence of the activation of the
Ras/MAPK signaling pathway.

To investigate further the molecular mechanism regulating
IL-4R-mediated signal transduction by the Ras/MAPK path-

way, we used PMA as an activating agent on the Ras/MAPK
pathway. First, the effect of PMA on Th1/Th2 cell differen-
tiation was assessed. Naive CD4 T cells from normal (B6 X
BALB/c)F; mice were stimulated with various concentrations
of PMA in the presence of 300 nM ionomycin (Fig. 4b).
Consistent with the results obtained thus far, a PMA dose-
dependent increase in the generation of Th2 cells and a
decrease in Thl cell differentiation were observed. Fig. 4c
shows that the PMA-induced Th2 cell differentiation was
blocked substantially by PD98059. Again, the enhancement of
Thl cell differentiation was observed. These results suggest
that the observed effect of PMA was a MEK (MAPKK)-
dependent phenomenon. Next, naive CD4 T cells were treated
with PMA for 4 h, and IL-4-mediated phosphorylation of
STAT®6, Jakl, and Jak3 was assessed (Fig. 4d). The levels of
phosphorylation of STAT6 and Jakl clearly were increased
when naive T cells were treated with PMA. The increase was
detected even 15 min after the treatment (data not shown) and
was reproducible in three independent experiments. Because
protein expression levels of STAT6, Jakl, and Jak3 were not
changed by the 4-h treatment with PMA (Fig. 4d Right), the
enhancement of tyrosine phosphorylation of these molecules
was not a result of up-regulation of transcription or translation.
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FiG. 3. Improvement of IL-4R-mediated signal transduction after
TCR stimulation. (¢) Anti-TCR-induced Th1/Th2 cell differentiation
on day 2 and day 5. Anti-TCR-stimulated naive CD4 T cells from
(B6 X BALB/c)F; mice were harvested on day 0, day 2, and day 5. The
percentages of cells in each area are shown. (b) Naive CD4 T cells from
(B6 X BALB/c)F; mice were cultured for 2 days with medium,
immobilized anti-TCR mAb, IL-4 alone, immobilized anti-TCR mAb
and IL-4, or immobilized anti-TCR and anti-IL-4 mAb (induction
culture). The percentages of recovered live cells in these cultures were
92%, 123%, 89%, 120%, and 135%. The induced cells were cultured
without IL-4 or anti-IL-4 for another 8 h at 37°C, and then the cells
were stimulated with IL-4 (100 units/ml) for 5 min. The phosphory-
lation status of STAT6 and the amount of STAT6 protein were
assessed by immunoprecipitation with anti-STAT6 mAb and, after
immunoblotting, with anti-phosphotyrosine or anti-STAT6 mAb. The
equivalent of 20 million cells was loaded in each lane. (¢) In vitro
cultured cells like those in b were stimulated with IL-4 (100 units/ml)
for 40 h, and [*H]thymidine incorporation (over the last 16 h) was
measured.

Thus, Jakl and/or STAT6 seemed to be targets of posttrans-
lational regulation by the Ras/MAPK signaling pathway.

In this report, we show that the TCR-mediated activation of
Ras/MAPK pathway is required for Th2 cell differentiation
and that Th1 and Th2 cell differentiation exhibit differential
dependence on activation of the Ras/MAPK pathway. Th2 cell
differentiation was impaired in the dnRas Tg T cells; however,
Th1 cell differentiation remained intact, and sometimes it was
even enhanced (Fig. 2). Several recent reports have suggested
that low-dose infection or low antigen concentration favors
induction of Th1 responses, whereas high-dose antigenic stim-
ulation preferentially induces Th2 responses (27-29). Taken
together with our findings, these results suggest that weak
antigenic stimulation may not activate the Ras/MAPK path-
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F1G. 4. IL-4-induced phosphorylation on STAT6 and Jak1 in naive
T cells was regulated by the Ras/MAPK signaling pathway. (a) Naive
CD4 T cells from dnRas Tg mice were cultured for 2 days with
immobilized anti-TCR mAb and IL-4 and cultured without IL-4 for
8 h. Then, IL-4-induced phosphorylation on STAT6, IL-4Re, Jakl,
and Jak3 was assessed by immunoprecipitation with specific mAb for
each protein and, after immunoblotting, with anti-phosphotyrosine
mAb. Arbitrary densitometric units are shown under each band. The
amount of protein was determined also by reblotting the same
membrane with specific mAbs. (b) Phorbol 12-myristate 13-acetate
(PMA) dose-dependent increase in the generation of Th2 cells in vitro.
Naive T cells from (B6 X BALB/c)F; mice were treated with indicated
doses of PMA for 2 days in the presence of ionomycin (300 nM), IL-2
(30 units/ml), and IL-4 (100 units/ml). (c) Effect of PD98059 on the
PMA-induced Th1/Th2 cell differentiation. (d) Naive CD4 T cells
were treated with PMA (30 ng/ml) for 4 h, and IL-4-induced phos-
phorylation on STAT6, Jakl, and Jak3 was assessed by the same
method used in a. The amount of each protein existing in the cells with
or without PMA treatment was also determined (Right).
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way efficiently and thus may favor Thl cell differentiation,
whereas strong stimulation with higher concentrations of
antigenic peptide may be required to activate the Ras/MAPK
pathway sufficiently to induce Th2 cell differentiation. This
explanation is consistent with the results obtained from our
previous analysis of Th1/Th2 differentiation in the dominant-
negative Lck Tg mice (16). Thus, the extent to which the
Ras/MAPK pathway is activated seems to determine the
lineage (Thl or Th2 cells) into which naive T helper cells will
differentiate. Because various allergic diseases are closely
related to Th2 dominant immune responses (2, 3), it is
conceivable that the down-regulation of activation in the
Ras/MAPK pathway could result in decreased susceptibility to
allergic diseases. Recently, the requirement for the JNK
MAPK pathway in Th1 cell differentiation has been reported
(30). Thus, the determination of Thl or Th2 cell differentia-
tion in naive CD4 T cells in the periphery seems to depend on
the activation of distinct MAPK signaling pathways.

Second, IL-4R function on naive T cells is found to be
up-regulated by TCR-mediated activation of the Ras/MAPK
pathway. From our results with short-term PMA treatment
(Fig. 4d), the qualitative improvement in IL-4R-mediated
signal transduction is caused in part by posttranslational
regulation of Jakl and/or STAT6 molecules by the Ras/
MAPK signaling pathway. Although the precise molecular
mechanism by which the Ras/MAPK pathway regulates the
Jak1/STAT6 pathway remains unclear, one possibility is that
activated MEK (MAPKK) phosphorylates and up-regulates
Jak1 activity. In fact, there is a potential tyrosine phosphor-
ylation site of MEK (MAPKK), “TEY” (31), and a threonine
residue as part of the XPXS/TP motif (32) in mouse Jak1. Our
preliminary experiments with anti-phosphotyrosine mAb spe-
cific for TEY suggested that short-term PMA stimulation
caused phosphorylation of TEY on Jakl molecules (data not
shown). Recently, Petricoin et al. (33) reported that the
antiproliferative action of IFN-« required components of the
TCR signaling cascade, such as Lck and ZAP-70. Here, we
present evidence that the TCR-mediated Ras/MAPK activa-
tion controls IL-4R-mediated signaling and determines the
direction of helper T cell differentiation. Indeed, our data
suggest that the lineage choices made by naive Th cells after
antigen stimulation are influenced clearly by crosstalk between
the antigen receptor- and cytokine receptor-mediated signal-
ing cascades.
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