MOLECULAR AND CELLULAR BIOLOGY, Jan. 2002, p. 117–126
0270-7306/02/$04.00⫹0 DOI: 10.1128/MCB.22.1.117–126.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Vol. 22, No. 1

Stat6 and IRS-2 Cooperate in Interleukin 4 (IL-4)-Induced
Proliferation and Differentiation but Are Dispensable
for IL-4-Dependent Rescue from Apoptosis
Andrea L. Wurster,1 Dominic J. Withers,2† Tohru Uchida,2 Morris F. White,2
and Michael J. Grusby1*
Department of Immunology and Infectious Diseases, Harvard School of Public Health,1 and Howard Hughes Medical
Institute, Joslin Diabetes Center, Harvard Medical School,2 Boston, Massachusetts 02115
Received 16 August 2001/Accepted 28 September 2001

tion was confirmed by the analysis of Stat6-deficient mice (17,
31, 35, 42). Stat6-deficient lymphocytes are compromised in
their ability to upregulate the expression of known IL-4-responsive genes (those for CD23, IL-4R␣, and major histocompatibility complex class II) in response to IL-4 (17, 22, 31, 35).
Additionally, Th cells from Stat6-deficient mice are unable to
activate the IL-4-induced gene program required for the differentiation of Th2 cells (17, 31, 35). Stat6-deficient lymphocytes are also compromised in their ability to respond to IL-4
mitogenically, and this defect appears to be due to a disregulation of the Cdk inhibitor p27kip1 (16).
Insulin receptor substrate (IRS) proteins, of which there are
currently four family members reported (IRS-1 to -4), are large
adaptor PTB domain proteins involved in insulin and IGF-1
signaling (39). IRS-2, in particular, was also identified as one of
the predominant proteins phosphorylated in response to IL-4
(34, 38, 39). IRS-2, through its PTB domain, is thought to
directly interact with a sequence motif (the I4R motif) within
the IL-4R␣ chain that is highly homologous to sequences in the
insulin and IGF-1 receptors (19, 37). Although IRS proteins do
not possess intrinsic enzymatic activities, they can serve as
adaptors for a number of other signaling proteins (33, 39).
Recruitment of IRS-2 to the activated IL-4R␣ chain results in
its phosphorylation and subsequent activation of downstream
signaling proteins, including phosphatidylinositol-3 (PI-3) kinase (19, 33, 34). Mice deficient in IRS-2 display insulin resistance and beta cell failure, developing a pathology similar to

Interleukin 4 (IL-4) is a multifunctional cytokine made by T
helper type 2 (Th2) cells, basophils, mast cells, and NK1.1 T
cells (reviewed in reference 29). IL-4 influences the viability,
proliferative capacity, and differentiation of B and T cells, as
well as other cell types. Cellular responses to IL-4 are mediated through the IL-4 receptor alpha chain (IL-4R␣) functioning as a heterodimer with the common gamma chain (␥c)
(reviewed in reference 24). Ligand binding to the receptor
complex results in the phosphorylation of the receptor through
five conserved tyrosine residues in the cytoplasmic tail of IL4R␣ (32). These conserved tyrosine residues provide binding
sites for potential downstream SH2 and phosphotyrosine binding (PTB) domain signaling proteins and have been the focus
of several studies attempting to elucidate the molecular nature
of IL-4 signal transduction. To date, a number of cytoplasmic
signaling proteins have been shown to be phosphorylated in
response to IL-4R stimulation, including Jak1, Stat6, IRS-2,
FRIP, SHIP, and Shp (12, 14, 25, 34, 43).
Stat6 (for signal transducer and activator of transcription) is
the primary Stat protein activated and recruited to the IL-4R␣
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Stat6 and IRS-2 are two important signaling proteins that associate with the cytoplasmic tail of the
interleukin 4 (IL-4) receptor. Data from numerous in vitro experiments have led to a model for IL-4 signal
transduction in which the Stat6 signaling pathway is responsible for the IL-4 induced changes in gene
expression and differentiation events, while the IRS-2 signaling pathway provides mitogenic and antiapoptotic
signals. In order to determine the relative contributions of these signaling molecules in primary lymphocytes,
we have examined IL-4 responses in T cells from mice deficient for either Stat6 or IRS-2 as well as from mice
doubly deficient for both genes. Both IRS-2 and, especially, Stat6 are shown to be critically involved in
IL-4-induced proliferation of T cells, presumably through the cooperative regulation of the Cdk inhibitor
p27kip1. Like Stat6-deficient Th cells, IRS-2-deficient cells are also compromised in their ability to secrete Th2
cytokines, revealing a previously unrecognized role for IRS-2 in Th2 cell development. Although Stat6 and/or
IRS-2 expression is required for IL-4-induced proliferative and differentiative responses, both signaling
proteins are dispensable for the antiapoptotic effect of IL-4. However, treatment of lymphocytes with a protein
tyrosine phosphatase inhibitor is able to block the antiapoptotic effect of IL-4 specifically in Stat6- or
IRS-2-deficient cells and not in wild-type cells. Our results suggest that Stat6 and IRS-2 cooperate in
promoting both IL-4-induced proliferative and differentiating responses, while an additional signaling mediator that depends on protein tyrosine phosphatase activity contributes to the antiapoptotic activities of IL-4 in
primary T cells.
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MATERIALS AND METHODS
Mice. Stat6-deficient and IRS-2-deficient mice were generated as described
previously (17, 41). As IRS-2-deficient mice are sterile, mice doubly deficient for
Stat6 and IRS-2 (DKO) were generated by crossing Stat6⫺/⫺ IRS-2⫹/⫺ mice on
a C57B1/6 background (4, 40). DKO mice were produced in Mendelian ratios.
When possible, IRS-2-deficient and DKO mice were used before 8 weeks of age
and the onset of diabetes. Blood glucose levels were checked at the time of
experimentation, and no correlation was observed between blood glucose levels
and IL-4 responses.
Lymphocyte preparation and culture. Lymphocytes were cultured in RPMI
1640 supplemented as described previously (17). Naı̈ve Th cells were purified
from lymph nodes and spleens to 98% purity by cell sorting using anti-CD4 and
anti-CD62L (Pharmingen). Enriched T-cell populations were generated by panning B lymphocytes from lymph node and spleen cell cultures using antibodies to
immunoglobulin M (IgM) and IgG.
Antibodies and culture additions. Antibodies specific for Stat6, Bcl-2, Bcl-xL,
and Akt were obtained from Santa Cruz Biotechnology. Antibodies specific for

phosphorylated Stat6 and phosphorylated akt were obtained from New England
Biolabs. Recombinant IL-4 was obtained from Peprotech. Recombinant IL-2 was
provided by Chiron. Recombinant IL-12 was provided by Hoffman-LaRoche.
PI-3 kinase assays. Splenocytes from wild-type and knockout animals were
cultured with or without IL-4 for 15 min. Homogenates from these cells were
assayed for PI-3 kinase activity associated with IRS-1, IRS-2, and phosphotyrosine immunoprecipitates as described previously (28). 32P incorporation was
quantified using a PhosphorImager (Molecular Dynamics).
Immunoblot analysis. Whole-cell extracts were prepared by lysing cells in a
solution of 50 mM Tris, 0.5% NP-40, 5 mM EDTA, and 50 mM NaCl and
clearing the lysates by centrifugation. Protein extracts were separated on an 8 to
10% polyacrylamide gel and transferred to an Optitran membrane (Schleicher
and Schuell). The immunoblots were blocked for 1 h at room temperature in 5%
milk in TBST (50 mM Tris [pH 7.5], 100 mM NaCl, 0.03% Tween 20) and
incubated with the appropriate antibody overnight at 4°C. In the case of the
phospho-specific Stat6 antibody, the blot was blocked in 1% milk. The blots were
washed with TBST and incubated with anti-rabbit horseradish peroxidase-conjugated antibody (Santa Cruz Biotechnology) at room temperature. After the
blots were washed with TBST, detection was carried out using enhanced chemiluminscence (ECL; Amersham) according to the manufacturer’s instructions.
In vitro Th cell differentiation. Naı̈ve Th cells were plated on plates coated
with anti-CD3 and anti-CD28 (1 g/ml; Pharmingen) at 1 ⫻ 106 to 2 ⫻ 106/ml
in the presence of 10 ng of IL-4 (Peprotech)/ml and 10 g of anti-gamma
interferon (IFN-␥)/ml (Th2 conditions) or 1 ng of IL-12/ml and 10 g of antiIL-4/ml (Th1 conditions). The cultures were expanded in IL-2 (100 U/ml) 3 days
later. After 1 week in culture, the cells were stimulated with phorbol myristate
acetate (PMA)-ionomycin, and cytokine production was determined by intracellular cytokine staining.
Northern blot analysis. Total RNA was isolated using TRIZOL RNA isolation
reagent (Gibco/BRL). The RNA was separated on a 1.5% agarose–6% formaldehyde gel and transferred to a GeneScreen (NEN) membrane. The membrane
was hybridized with radiolabeled cDNA probes for GATA-3 and ␥-actin.
Propidium iodide analysis. Naı̈ve Th cells were cultured as described for Fig.
5, pelleted by centrifugation, and fixed in 40% ethanol. The cells were treated
with RNase A (50 g/ml) for 45 min at 37°C and subsequently stained with 700
mM propidium iodide in 3.8 ⫻ 10⫺2 M sodium citrate. Analysis was performed
on a FACScan flow cytometer (Becton Dickinson).

RESULTS
IL-4-induced PI-3 kinase activity is reduced in the absence
of IRS-2. In order to assess the relative contributions of IRS-2
and Stat6 in mediating IL-4 responses in lymphocytes, it was
first necessary to determine whether the gross development of
the lymphoid organs was intact in the absence of these two
signaling proteins. Although IL-4 responses are compromised
in Stat6-deficient animals, the overall development of the lymphocyte compartment is largely unaffected in these animals
(17, 31, 35). Similarly, fluorescence-activated cell sorter
(FACS) analysis of thymus, spleen, and lymph nodes from
IRS-2-deficient mice, as well as mice bred to be deficient for
both IRS-2 and Stat6 (DKO), revealed no gross defects in
surface expression of CD3, CD4, CD8, B220, Mac-1, CD62L,
or IL-4R␣ (data not shown). Although we did consistently
observe a slight increase in the B-cell-to-T-cell ratio in the
spleen, this appeared to be due to an increase in the number of
B lymphocytes, as the number of T lymphocytes was similar to
that in wild-type controls (data not shown).
We have previously demonstrated that Stat6-deficient lymphocytes express and activate IRS-2 normally in response to
IL-4, suggesting that IRS-2 activation is independent of Stat6
(16). Here, we also wished to determine if signaling events
thought to be downstream of IRS-2 occur in the absence of
Stat6. A well-established consequence of IRS-2 activation is
the recruitment and activation of the PI-3 kinase (34). We
assessed IL-4-induced PI-3 kinase activity associated with
IRS-2, as well as with total phosphotyrosine-containing pro-
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human type 2 diabetes, confirming the importance of IRS-2 in
insulin signaling (40, 41). IL-4 responses in lymphocytes from
IRS-2-deficient mice have not been reported.
Deletion and mutagenesis studies of the human IL-4R␣
chain in transfected cell lines has led to the functional categorization of the phosphotyrosine residues in the IL-4R␣ chain
cytoplasmic tail (24). The portion of the receptor including
amino acids 437 to 557 and containing one of the phosphotyrosine residues appears to be important for providing a mitogenic signal to cells after IL-4 stimulation and was termed the
growth domain (19, 30). Amino acids 575 to 657, which include
three of the phosphotyrosine residues, transmit signals that
stimulate IL-4-induced gene expression, and this region was
referred to as the differentiation domain (30). Furthermore, it
was demonstrated that phosphorylation of IRS-2 occurs on a
phosphotyrosine residue within the growth domain, while Stat6
activation was associated with a phosphotyrosine residue
within the differentiation domain (30). Subsequent studies also
revealed a role for IRS proteins in mediating the antiapoptotic
activity provided by IL-4 (44). From these experiments, it was
concluded that signals generated through Stat6 would activate
differentiation-specific gene programs induced by IL-4 while
IRS-2 would mediate mitogenic and antiapoptotic signals. The
studies described above of primary lymphocytes from Stat6deficient animals support a critical role for Stat6 in regulating
IL-4-induced gene expression and differentiation but also indicate that Stat6 is involved in IL-4 mediated cell growth (16).
The role of IRS-2 in IL-4 responses in primary lymphocytes
has not been explored.
In order to assess the relative contributions of Stat6 and
IRS-2 in IL-4R signaling, we studied IL-4 responses in primary
T lymphocytes derived from Stat6-deficient and IRS-2-deficient mice as well as from mice lacking both Stat6 and IRS-2
(DKO). We found that both Stat6 and IRS-2 are required for
the mitogenic response of T lymphocytes to IL-4. Additionally,
we found that IRS-2 plays a previously unrecognized role in
the development of Th2 cells in vitro. Finally, in the absence of
both IRS-2 and Stat6, IL-4 is still a potent antiapoptotic agent
even in the absence of IL-4-induced Bcl-2 expression and Akt
activation. Interestingly, IL-4 was unable to rescue Stat6- or
IRS-2-deficient lymphocytes from apoptosis in the absence of
protein tyrosine phosphatase (PTPase) activity. These findings
suggest that an additional signaling mediator is involved in the
antiapoptotic response to IL-4 in T cells.
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teins, in splenocytes from wild-type, IRS-2-deficient, Stat6deficient, and DKO animals. We found that IL-4 stimulation
resulted in a large induction of PI-3 kinase activity associated
with IRS-2- and phosphotyrosine-containing proteins that
were immunoprecipitated from wild-type and Stat6-deficient
cells (Fig. 1). As expected, PI-3 kinase activity was completely
absent in IRS-2 and phosphotyrosine immunoprecipitates
from IL-4-induced IRS-2-deficient and DKO cells (Fig. 1).
Although PI-3 kinase activity is not detected in total phosphotyrosine immunoprecipitates from cell lysates lacking IRS-2,
we do see a low level of PI-3 kinase activity associated with
IRS-1 immunoprecipitates from IRS-2-deficient cells, consistent with the low level of IRS-1 expression we observe in these
cells (Fig. 1) (16). Interestingly, the activity associated with
IRS-1 is completely lost in DKO cells, although we are able to
detect IRS-1 expression in these cells (data not shown). These
data indicate that the IRS-2-dependent activation of PI-3 kinase occurs independently of Stat6 expression and, additionally, that the loss of IRS-2 expression results in a drastic loss of
total PI-3 kinase activity in response to IL-4.
Stat6 activation is not dependent on IRS-2 expression. We
also wished to determine if Stat6 activation occurs normally in
the absence of IRS-2. To this end, we isolated T lymphocytes
from wild-type and IRS-2-deficient animals and assessed the
phosphorylation of Stat6 in these cells in response to IL-4.
Figure 2A demonstrates that in the absence of IRS-2 expression, Stat6 is still efficiently phosphorylated and activated in
response to IL-4. The IL-4-induced phosphorylation of Stat6 in
IRS-2-deficient cells is functionally significant, as determined
by the IL-4-induced upregulation of genes previously shown to
be dependent on the expression of Stat6 in both wild-type and
IRS-2-deficient lymphocytes (Fig. 2B). Based on these as well
as previously published observations, we conclude that the
IRS-2 and Stat6 pathways are each activated independently by
IL-4.
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Both IRS-2 and Stat6 regulate IL-4-induced proliferative
responses through p27kip1. IL-4 promotes the proliferation of
lymphocytes when used as a costimulating agent. In order to
determine the relative roles IRS-2 and Stat6 play in the proliferative response of T lymphocytes to IL-4, we purified naı̈ve
CD4⫹ T cells from wild-type, Stat6-deficient, IRS-2-deficient,
and DKO mice. These cells were stimulated with a submitogenic dose of PMA (2 ng/ml) and supplemented with increasing amounts of IL-4. As shown in Fig. 3A, a dose-dependent
increase in thymidine incorporation occurred in wild-type cultures in response to IL-4. As previously reported, Stat6-deficient T lymphocytes proliferated poorly in response to IL-4
(16). IRS-2-deficient T lymphocytes also responded to IL-4 at
levels about 50% those of wild-type cells but still significantly
better than Stat6-deficient cells. In the absence of both IRS-2
and Stat6, the cells were mitogenically unresponsive to IL-4.
The proliferation defect is specific for IL-4 responses, since the
cells from all four genotypes expand normally in response to
anti-CD3, PMA-ionomycin, and IL-2 (Fig. 3A and data not
shown). These results suggest that both IRS-2 and Stat6 pathways contribute to the proliferative response of T cells to IL-4,
although Stat6 may in fact be the quantitatively important
signaling component. Moreover, other potential signaling
pathways emanating from the IL-4R are themselves unable to
induce an IL-4-mediated proliferative response, since in the
absence of both IRS-2 and Stat6, the cell population did not
expand.
Cell cycle analysis of PMA- and IL-4-stimulated cells from
IRS-2-deficient animals revealed that, as for Stat6-deficient
cells, the proliferative response is blocked at the entry into S
phase (reference 16 and data not shown). We had previously
reported that the proliferation defect observed in Stat6-deficient cells correlated with a dysregulated expression of the Cdk
inhibitor p27kip1 (16). A subsequent study of p27kip1-deficient mice demonstrated a role for p27kip1 in negatively
regulating cytokine-stimulated T-cell proliferation (48). Interestingly, p27kip1 protein expression following cytokine stimulation has also been suggested to be regulated by the PI-3
kinase pathway (1). Consequently, we wished to determine
whether the proliferation defect observed in IRS-2-deficient T
cells also correlates with a defect in p27kip1 regulation. Protein extracts were harvested from wild-type, Stat6-deficient,
and IRS-2-deficient T lymphocytes stimulated in vitro with
submitogenic PMA plus IL-4 or PMA-ionomycin for 48 h, and
p27kip1 protein levels were determined by immunoblotting. As
shown in Fig. 3B, p27kip1 expression in wild-type cells decreases in response to mitogenic stimuli, such as IL-4 and
PMA-ionomycin. As previously reported, the IL-4-induced decrease in p27kip1 expression is dependent on Stat6 signaling
(16). Interestingly, p27kip1 protein levels also remain high in
extracts from IL-4-treated IRS-2-deficient cells. p27kip1 expression is downregulated normally in T lymphocytes derived
from all genotypes when treated with PMA-ionomycin, suggesting that the dysregulation in p27kip1 expression in the
absence of IRS-2 or Stat6 is specific to compromised IL-4
signaling. On the other hand, the expression of c-myc, a protooncogene that is involved in cytokine-induced cell cycle progression, is induced similarly by PMA and IL-4 in wild-type and
DKO cells (Fig. 3C), although this induction is clearly not
sufficient to drive the DKO cells into the cell cycle (Fig. 3A).
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FIG. 1. IL-4-induced PI-3 kinase activity is reduced in IRS-2-deficient lymphocytes. Supernatants of homogenates from IL-4-treated
and untreated splenocytes were immunoprecipitated with the indicated antibodies and assayed in vitro for PI-3 kinase activity. The
results are expressed as fold stimulation of activity above untreated
controls and are the average (⫹ standard deviation) of two independent experiments.

IL-4 RESPONSES IN Stat6- AND IRS-2-DEFICIENT MICE
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IRS-2 signaling participates in the development of Th2 cells
in vitro. Previous studies of Stat6-deficient T cells have demonstrated the critical role Stat6 signaling plays in the development of a Th2 response (17, 31, 35). In the absence of Stat6,
precursor Th cells are generally unable to induce the expression of the critical transcription factors, GATA-3 and c-maf,
that drive Th2 differentiation (21, 26). This is in agreement
with the notion that Stat6 is involved in directing changes in
gene expression and differentiation events following IL-4 stimulation. In order to determine whether the IRS-2 pathway
plays a role in Th2 cell development, we purified naı̈ve CD4⫹
T cells from all four genotypes. These cells were induced to
differentiate into effector Th cells in vitro by T-cell receptor

stimulation and coculture with IL-12 or IL-4 to direct differentiation into the Th1 or Th2 pathway, respectively. In agreement with previous reports, in the absence of Stat6, very few
IL-4- or IL-5-producing Th2 cells develop in the Th2 cultures
(Fig. 4A). Instead, the majority of cytokine-producing cells
express the Th1 cytokine, IFN-␥. Surprisingly, in the absence
of IRS-2, IL-4-producing cells do develop in vitro under Th2
conditions, although in consistently fewer numbers (an average
30% decrease in IL-4-producing cells). Moreover, the number
of IL-5-producing cells that are generated in IRS-2-deficient
Th2 cultures is especially compromised (an average 45% decrease in IL-5-producing cells). These results were also confirmed by assessing cytokine levels in culture supernatants by
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FIG. 2. Stat6 is activated in the absence of IRS-2. (A) Whole-cell extracts were prepared from enriched T lymphocytes cultured in the presence
or absence (⫺) of IL-4. Activated Stat6 was detected by immunoblotting using an antibody specific for phosphorylated Stat6 (pStat6). The blot was
stripped and reprobed with a total Stat6 antibody. The results are representative of three independent experiments. (B) Total splenocytes were
cultured overnight in the presence (bold line) or absence (thin line) of IL-4. IL-4R␣ expression on B220⫺ cells and major histocompatibility
complex class II expression on B220⫹ cells were determined by FACS.
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enzyme-linked immunosorbent assay (data not shown). The
defect in the production of Th2 cytokines from the IRS-2deficient T cells is not a general defect in cytokine production,
since IFN-␥ and IL-2 production is normal under Th1 culture
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conditions (Fig. 4A and data not shown). These results suggest
that IRS-2 signaling, although not absolutely required for Th2
differentiation in vitro, plays a critical role in the generation or
expansion of Th2 cells and especially in the production of IL-5.
As mentioned above, Stat6 signaling is required for the
induction of GATA-3 expression in Th2 cells. GATA-3 has
also been directly implicated in the transcription of the Th2
cytokine, IL-5 (46). Because we observed such a striking defect
in the production of IL-5-producing cells in IRS-2-deficient
cultures, we wished to determine whether IRS-2 signaling is
also involved in the induction of GATA-3 expression in Th2
cells. We purified naı̈ve CD4⫹ T cells from all four genotypes
and cultured these cells under Th1 and Th2 skewing conditions. After 1 week in culture, RNA was harvested and analyzed for GATA-3 expression by Northern blot analysis. As
shown previously, expression of GATA-3 is high in wild-type
Th2 cells and barely detectable in Th1 cells (Fig. 4B). Moreover, the induction of GATA-3 expression in Stat6-deficient
cells cultured under Th2 conditions is severely compromised
(Fig. 4B) (26). However, GATA-3 expression is normal in
IRS-2-deficient Th2 cells. We also observe normal GATA-3
induction as early as 24 h after primary stimulation in IRS-2deficient cells cultured under Th2 conditions, suggesting that
the kinetics of GATA-3 induction is also probably normal
(data not shown). From these results, we conclude that although the ability to produce IL-5 is compromised in IRS-2deficient T cells, this does not appear to be through a defect in
GATA-3 expression.
Neither IRS-2 nor Stat6 signaling is required for antiapoptotic activities of IL-4. IL-4 is capable of preventing apoptosis
in B lymphocytes induced by growth factor withdrawal, Ig
cross-linking, glucocorticoids, and Fas ligation (2, 6, 27). Recently, IL-4 was also shown to rescue resting T cells from death
by neglect, but this response was independent of Stat6 expression and was suggested to be mediated by IRS-2 (36). In order
to address whether IRS-2 signaling contributes to this activity,
we purified naı̈ve CD4 T cells from the four genotypes and
cultured the cells in the presence and absence of IL-4. The
number of apoptotic cells present in the cultures was determined 24 h later. As previously reported, approximately 25%
of wild-type cells underwent apoptosis in the absence of cytokine, and IL-4 rescued 78% of those cells from apoptosis (Fig.
5A). Although IL-4 was slightly less potent in the rescue of
Stat6-deficient cultures, the antiapoptotic activity was largely
intact. Interestingly, IL-4 was also able to efficiently prevent
apoptosis in IRS-2-deficient cultures, suggesting that the IRS-2
pathway is also not required for the antiapoptotic effects of
IL-4. Surprisingly, even in the absence of both Stat6 and IRS-2,
IL-4 was still a potent antiapoptotic cytokine, although the
degree of rescue was slightly less than wild type. The antiapoptotic signal was shown to require IL-4R␣, since IL-4 failed to
rescue IL-4R␣⫺/⫺ T lymphocytes from apoptosis (data not
shown).
In order to gain insight into the mechanism of the antiapoptotic response, we analyzed the expression of various pro- and
antiapoptotic proteins in response to IL-4. The expression of
the antiapoptotic regulator, Bcl-2, has been shown to be induced by IL-4 in resting T cells (36). In order to determine if
Bcl-2 is still induced by IL-4 in the absence of Stat6 and/or
IRS-2, we purified protein extracts from T lymphocytes cul-
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FIG. 3. Both IRS-2 and Stat6 contribute to IL-4-induced proliferative responses. (A) FACS-purified CD4⫹/CD62L-high T cells were
cultured in submitogenic PMA (2 ng/ml) supplemented with increasing
doses of IL-4 (open symbols) or with plate-bound anti-CD3 and antiCD28 (solid symbols). The proliferative response was determined by
[3H]thymidine incorporation from a 48-h culture. The error bars indicate standard deviation. (B) Enriched T lymphocytes were cultured for
48 h in the presence of submitogenic PMA and 10 ng of IL-4/ml or 50
ng of PMA/ml and 500 ng of ionomycin/ml (P⫹I). p27kip1 (p27)
protein levels were detected in whole-cell extracts by immunoblotting.
The blot was stripped and reprobed with antibody specific for cdk2.
Unt, untreated. (C) Enriched T lymphocytes were cultured in the
presence or absence of submitogenic PMA (2 ng/ml) and 10 ng of
IL-4/ml for 1 h. RNA was prepared, and c-myc expression was determined by Northern blot analysis. The blot was stripped and reprobed
with ␥-actin.
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FIG. 4. IRS-2 is required for maximal Th2 cytokine production. (A) FACS-purified CD4⫹/CD62L-high T cells were cultured under Th1 or Th2
skewing conditions for 1 week. Cytokine production from PMA-ionomycin-stimulated cells was assessed by intracellular cytokine staining. The
results are representative of four independent experiments. (B) FACS-purified CD4⫹/Mel14-high T cells were cultured under Th1 (lanes 1) or Th2
(lanes 2) skewing conditions for 1 week and restimulated with anti-CD3 for 24 h. RNA was prepared from the cultured cells, and GATA-3
expression was determined by Northern blot analysis. The blot was stripped and reprobed for ␥-actin.

tured in the presence and absence of IL-4. IL-4 induces the
expression of Bcl-2 in wild-type T cells, and the induction of
Bcl-2 is not dependent on Stat6, providing an example of an
IL-4-inducible gene that is not dependent on Stat6 expression
(Fig. 5B). Interestingly, in cells that lack IRS-2, or both Stat6
and IRS-2, IL-4 is no longer able to upregulate Bcl-2 protein

levels. Therefore, IL-4-induced Bcl-2 protein expression is dependent on the IRS-2 pathway. Since IL-4 is still capable of
preventing apoptosis in the absence of IRS-2, these results
imply that IL-4-induced Bcl-2 expression is dispensable for
protection from apoptosis. We do not observe a modulation in
the expression of several apoptotic regulators, including Bcl-
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xL, Mcl-1, and Bak-1, in T cells in response to IL-4 (Fig. 5B
and data not shown).
The Akt pathway is activated by a number of growth factor
receptors and has also been demonstrated to protect cells from
apoptosis (11, 20). Akt is activated by phosphorylation in a
manner dependent on PI-3 kinase (3, 7, 8). In order to determine whether the Akt pathway is activated by IL-4 in our
knockout cells, purified T cells from the four genotypes were
cultured in the presence or absence of IL-4. The presence of
phosphorylated Akt in protein extracts from these cells was
determined by immunoblotting. IL-4 was able to induce phosphorylation of Akt in cells from wild-type and Stat6-deficient
animals (Fig. 5C). The observed Akt activation was dependent
on PI-3 kinase, as revealed by the loss of Akt phosphorylation
in cultures that include the PI-3 kinase inhibitor wortmannin

(Fig. 5C). Reminiscent of what we observed for Bcl-2 expression, IL-4-induced Akt phosphorylation was found to be completely dependent on the presence of IRS-2. This finding is
supported by the data in Fig. 1 showing that IL-4-induced PI-3
kinase activation is severely reduced in the absence of IRS-2
signaling. Since IL-4 is still capable of rescuing IRS-2-deficient
T cells from apoptosis, these results imply that the Akt pathway, like Bcl-2 induction, is also not required for the antiapoptotic activities of IL-4.
To broaden our search for IL-4-induced changes in gene
expression that could account for mediating the antiapoptotic
effect of IL-4 in DKO cells, we performed gene chip microarray analysis comparing RNAs isolated from DKO T cells cultured in the presence and absence of IL-4. Surprisingly, we
observed no significant changes in gene expression between
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FIG. 5. IRS-2 and Stat6 are dispensable for the antiapoptotic activities of IL-4. (A) CD4⫹/CD62L-high T cells were cultured for 24 to 30 h in
the presence or absence of IL-4. The percentage of apoptotic cells in the resulting cultures was determined by propidium iodide staining. Percent
rescued from apoptosis compares the percentage of apoptotic cells in the IL-4-treated cultures with the percentage of apoptotic cells in untreated
cultures and is presented as the average of four independent experiments. ⴱ, P ⬍ 0.0001 compared to wild type. (B) Enriched T cells were cultured
for 17 h in the presence (⫹) or absence (⫺) of IL-4. Whole-cell extracts were analyzed for the presence of Bcl-2 by immunoblotting. The blot was
stripped and reprobed with an antibody to Bcl-xL. This result is representative of two independent experiments. (C) Enriched and cytokine-starved
T cells were cultured in the presence or absence (⫺) of IL-4 for 3 min. Where indicated, the cells were also preincubated for 10 min with 100 nM
wortmannin (wm). Whole-cell extracts were analyzed for the presence of phosphorylated Akt (pakt) by immunoblotting. The blot was stripped and
reprobed with an antibody to total cellular Akt. The results are representative of four independent experiments. (D) Lymph node CD4⫹ T cells
were cultured in the presence or absence of 10 ng of IL-4/ml and 100 g of sodium vanadate/ml (NV) for 24 h. The percentage of apoptotic cells
was determined by propidium iodide staining. The results are representative of two independent experiments. The error bars indicate standard
deviations.
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DISCUSSION
In this report, we have examined the relative contributions
of Stat6 and IRS-2 in a variety of IL-4 responses in primary
mouse T lymphocytes. Our results suggest that both Stat6 and
IRS-2 play critical roles in mediating an IL-4-induced mitogenic response. Although IL-4-induced Th2 cell differentiation
is entirely dependent on Stat6 signaling, our results reveal a
previously unappreciated role for IRS-2 in the maximal production of Th2 cytokines, especially IL-5. While both Stat6 and
IRS-2 signaling are required for the IL-4-induced proliferative
and differentiating processes described above, both are dispensable for the IL-4-dependent rescue of T lymphocytes from
apoptosis induced by growth factor withdrawal. This is in spite
of the fact that IL-4-induced Bcl-2 expression and Akt phosphorylation are lost in the absence of IRS-2 signaling. IL-4dependent rescue from apoptosis in DKO cells is dependent
on PTPase activity, suggesting that an additional signaling
pathway that includes this enzymatic activity contributes to
IL-4-induced rescue from cell death.
Previous studies of transfected cell lines have suggested that
IRS-2 is the primary mediator of IL-4-induced proliferation.
However, our studies of primary T cells suggest that both Stat6
and IRS-2 play important roles in the proliferative response of
primary T cells to IL-4. Surprisingly, lymphocytes lacking Stat6
appear to be even more compromised than cells lacking IRS-2,
suggesting that Stat6 may provide the more important mitogenic signal, at least in vitro. Interestingly, T cells lacking both
Stat6 and IRS-2 are unresponsive mitogenically to IL-4, suggesting that the other signaling proteins associated with IL-4␣
(for example, FRIP, SHIP, Shp, and fes) are unable to compensate for the loss. Therefore, the proliferative response of
primary T cells in response to IL-4 is entirely dependent on

Stat6 and IRS-2 signaling, although other molecules may participate in this response.
Our studies of IL-4-induced proliferation emphasize the importance of the Cdk inhibitor p27kip1 as a central regulator of
cytokine-induced proliferation in lymphocytes. Although we
have demonstrated that IRS-2 and Stat6 signaling are independent, the pathways appear to converge to affect the downregulation of p27kip1 protein expression in response to IL-4
(Fig. 2B). Both Stat4 and Stat6 have been shown to be required
for IL-12- and IL-4-dependent proliferation, respectively, and
in the absence of these Stat proteins p27kip1 levels are dysregulated (16). A recent report demonstrated that the defect in
IL-4-induced proliferation observed in Stat6-deficient lymphocytes could be corrected by the loss of p27kip1, further supporting the importance of p27kip1 in regulating cytokine-induced gene expression (48). However these Stat proteins do
not appear to directly regulate p27kip1 transcription, and the
mechanism by which Stat proteins modulate p27kip1 protein
expression is still not understood (16). Moreover, cytokineinduced PI-3 kinase activity can also influence p27kip1 protein
levels in T cells (1). We found that IL-4-induced PI-3 kinase
activity is severely compromised in the absence of IRS-2, suggesting that the defect in p27kip1 expression in IRS-2-deficient
cells is probably due to the failure to activate this pathway.
Therefore, we propose that IL-4 regulates p27kip1 expression
by two mechanisms, one that is Stat mediated and the other by
IRS-2-dependent activation of PI-3 kinase or via another common target.
While Stat6 signaling is able to initiate the molecular events
(GATA-3 and subsequent c-maf upregulation) involved in IL4-induced Th2 differentiation, the role IRS-2 plays in Th2
cytokine production is unclear (21, 26). In the absence of Stat6,
very few IL-4- or IL-5-producing cells are found in Th2 cultures, while in the absence of IRS-2, the number of IL-4producing cells is modestly reduced while the number of IL5-producing cells is especially compromised (Fig. 4A).
Additionally, repeated stimulation of IRS-2-deficient cells under Th2 skewing conditions over several weeks in culture did
not restore the number of IL-5-producing cells, and therefore
this defect appears to be stable over time (data not shown).
Several possibilities could account for these observations. The
reduction of Th2 cells in IRS-deficient cultures could be due to
a partial block in the production of these cells or a decrease in
the transcription of Th2 cytokines. Normal induction of
GATA-3 expression, a critical regulator of Th2 development
and IL-5 transcription, in IRS-2-deficient Th2 cultures argues
against these possibilities (Fig. 4B). Alternatively, IRS-2 signaling may be involved in the expansion or survival of committed Th2 cells in response to IL-4. These possibilities are
supported by our observations that IRS-2-deficient lymphocytes fail to proliferate normally in response to IL-4 and that
two survival mediators, Bcl-2 and Akt, are not induced or
activated by IL-4 in the absence of IRS-2. However, a recent
report of T-cell costimulation and akt activation has indicated
a role for Akt activation in the production of Th1 and not Th2
cytokines (15).
IL-4-induced Stat6 activation is necessary not only to drive
the development of cells expressing Th2 cytokines but also to
repress the expression of the Th1 cytokine, IFN-␥ (Fig. 4A)
(18, 26). Although IRS-2 signaling appears to be required for
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IL-4-treated or untreated samples in the approximately 6,000
genes assayed, (data not shown), suggesting that in the absence
of IRS-2 and Stat6 there are essentially no IL-4-induced
changes in gene transcription. This also suggests that the IL4-mediated protection from apoptosis in DKO cells is due to
posttranscriptional changes and does not depend on the new
synthesis of an apoptotic regulator. A previous report of IL-4R
mutants transfected into myeloid cell lines indicated that IL4-induced suppression of apoptosis was signaled through the
region of the IL-4R that is associated with IRS-2 as well as a
region of the IL-4R that is reminiscent of an ITIM motif (43).
ITIMs are generally considered to be involved with the negative regulation of receptor signaling and are usually associated
with PTPases (23). In order to address the potential role of
PTPases in IL-4-induced rescue of DKO cells from apoptosis,
we assessed the ability of IL-4 to rescue wild-type and DKO
cells from apoptosis when cultured in the presence of sodium
vanadate, a broad inhibitor of PTPase activity. We observed no
significant difference in the ability of IL-4 to rescue wild-type
cells from cell death when cocultured with sodium vanadate
(Fig. 5D). However, we did observe a striking block in the
ability of IL-4 to protect DKO cells from apoptosis in the
presence of sodium vanadate. These results suggest that there
is a requirement for the activity of a PTPase to mediate the
protective effects of IL-4 in the absence of Stat6 and IRS-2.
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and antiapoptotic factors (Bad and Bcl-2, for example) has
been shown to affect their activity (10, 45).
The conclusions reached in this report differ from those
found in previous studies using IL-4R␣ mutants transfected
into myeloid cell lines. These differences may reflect the use of
primary cells versus cell lines in these experiments or may
simply represent differences in IL-4R signaling between lymphocytes and myeloid cells. The findings presented here do,
however, suggest a revision to the current model of IL-4 signal
transduction. Instead of IRS-2 solely mediating IL-4-induced
cell growth and Stat6 exclusively mediating the differentiating
signals, we propose that in primary T lymphocytes these two
independent signaling pathways collaborate to provide the
maximum biological response to IL-4. Additionally, we propose that another signaling protein, presumably a PTPase,
plays an important role in transmitting the antiapoptotic signal
provided by IL-4 in T lymphocytes. Determining the nature of
the Stat6- and IRS-2-independent antiapoptotic pathway is the
focus of further investigation.
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maximal Th2 cytokine production, IRS-2 is not required to
extinguish IFN-␥ expression in Th2 cultures (Fig. 4A).
GATA-3 has been shown to be able to effectively inhibit the
expression of IFN-␥ via the downregulation of IL-12R␤2 expression, and the induction of GATA-3 in Th2 cells is largely
dependent on Stat6 (Fig. 4A) (26). We find that GATA-3 is
expressed normally in IRS-2-deficient Th2 cells (Fig. 4B), and
presumably this results in the efficient inhibition of IFN-␥ in
IRS-2-deficient Th2 cells. We suggest that IL-4-induced Stat6
activation and subsequent GATA-3 expression are necessary
to drive Th2 cytokine production and effectively inhibit IFN-␥
production, while IRS-2 signaling serves to augment Th2 development by a mechanism that does not involve GATA-3 and
is unknown.
As opposed to the absolute requirement for Stat6 and IRS-2
in the proliferative and differentiating functions of IL-4, Stat6
and IRS-2 are not required to protect resting T cells from
apoptosis induced by growth factor withdrawal. These results
suggest that another functionally important signaling molecule
aside from Stat6 and IRS-2 is activated by IL-4R␣ stimulation
and thus is responsible for rescuing these cells from apoptosis.
We cannot entirely rule out the possibility that this is simply
due to the binding of another IRS family member to the I4R
region of IL-4R␣, although we do not believe this to be the
case. First, we are unable to detect IL-4-induced PI-3 kinase
activity associated with IRS-1 or with total cellular phosphotyrosines after IL-4 stimulation in DKO cells (Fig. 1), and IL-4
is unable to activate PI-3 kinase-dependent Akt in the absence
of IRS-2 (Fig. 5C). Additionally, we were unable to detect the
expression of IRS-3 or IRS-4 in these cells (data not shown).
However, inclusion of a PI-3 kinase inhibitor, wortmannin,
results in a partial block in the ability of IL-4 to protect both
wild-type and DKO cells from apoptosis (data not shown),
suggesting that PI-3 kinase or a member of the PI-3 kinase
superfamily may be participating in this response even in the
absence of IRS-2 (5).
Interestingly, in DKO cells, we were able to reveal a dependence on a PTPase activity in IL-4-induced protection from
apoptosis (Fig. 5D). We do not see a dependence on PTPase
activity in wild-type cells, presumably due to the fact that
sodium vanadate treatment strongly potentiates IL-4-induced
Stat6 phosphorylation (13). A likely candidate PTPase to be
involved in the antiapoptotic activity is Shp-1 (47). Shp-1 is
preferentially expressed in hematopoietic cells and was recently reported to be constitutively associated with IL-4R in
primary lymphocytes (13). Although Shp-1 has been traditionally thought to negatively regulate IL-4R signaling by influencing the phosphorylation status of Stat6, recent reports have
also suggested that Shp-1, or another IL-4-induced phosphatase, can also positively influence IL-4-induced changes in proliferation and gene expression (9, 13). Additionally, receptor
mutagenesis studies have suggested that the portion of the
IL-4R that resembles an ITIM motif contributes to the protection of cells from apoptosis (43). We propose that in wildtype cells IRS-2 and Stat6 cooperate with a phosphatase activity to prevent the cells from undergoing apoptosis. In the
absence of IRS-2 and Stat6, IL-4-induced protection from apoptosis is dependent on the tyrosine dephosphorylation of an
important regulator of apoptosis. This notion is supported by
numerous observations that the phosphorylation state of pro-
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