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Abstract

Although interleukin (IL)-4 and IL-13 participate in allergic inflammation and share a receptor

subunit (IL-4Rα), differential functions for these cytokines have been reported. Therefore, we

compared cells expressing type I and II IL-4 receptors with cells expressing only type II receptors

for their responsiveness to these cytokines. IL-4 induced highly efficient, γC-dependent tyrosine

phosphorylation of insulin receptor substrate 2 (IRS-2), whereas IL-13 was less effective, even when

phosphorylation of signal transducer and activator of transcription 6 (STAT6) was maximal. Only

type I receptor-γC+ signaling induced efficient association of IRS-2 with p85 or GRB2. IL-4

signaling through type I receptor complexes induced more robust expression of a subset of genes

associated with alternatively activated macrophages than did IL-13, despite equivalent activation of

STAT6. Thus, IL-4 activates signaling pathways through the type I receptor complex, qualitatively

differently from IL-13, which cooperate to induce optimal gene expression.

INTRODUCTION

Interleukin (IL)-4 and IL-13 are both members of the short four-helix bundle family of

cytokines (1–3). They share approximately 25% sequence identity (4) and are closely linked

on human chromosome 5 (5) and mouse chromosome 11. IL-4 and IL-13 are known as T-

helper type 2 (Th2) cytokines (6) because they are produced by Th2 cells in response to antigen-

receptor engagement. They are also produced by natural killer (NK) T cells, and by mast cells

and basophils upon cross-linkage of the high affinity receptor for immunoglobulin E (IgE)

(7). IL-4 and IL-13 are also secreted by stimulated eosinophils ((8–11), reviewed in (12)) and

are produced by macrophages (13). These cytokines can elicit similar responses in vitro and

when exogenously introduced in vivo. However, there is growing evidence that the two

cytokines mediate distinct physiologic functions, with IL-4 being involved in Th2 development

and IL-13 being responsible for effector activities, such as regulating airway hypersensitivity,

collagen production, and mucus hypersecretion (14). Because therapeutic strategies targeting

IL-4 and IL-13 or their signaling pathways are currently being developed to treat allergy and

asthma, understanding their precise mechanisms of action and contributions to allergic

inflammation is essential.
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A functional IL-4 receptor is composed of two transmembrane proteins (7). The IL-4Rα chain

binds IL-4 with high affinity (Kd 20–300 pM), leading to dimerization with either the common

gamma chain (γC) or with IL-13Rα1 to form the type I or type II receptor complexes,

respectively. In cells of hematopoietic lineage, expression of both IL-4Rα and γ c leads to the

assemblage of the type I receptor, whereas the type II receptor is generally the exclusive IL-4

receptor found in nonhematopoietic cells. Both receptor types are generally found in cells of

myeloid origin and in human B cells. IL-13 binds to IL-13Rα1 with moderate affinity (Kd 2–

10 nM), inducing heterodimerization with IL-4Rα to form a high affinity complex (Kd 200

pM). Indeed, whereas the overall equilibrium binding affinity of IL-13 for the type II receptor

complex is similar to that of IL-4 for the type I or type II receptors, the energetic contribution

of the individual chains to affinity differ for these cytokines (15,16). Although IL-13 also binds

to IL-13Rα2 with high affinity (Kd 200 pM), this interaction fails to activate the Janus kinase

(JAK)-signal transducer and activator of transcription (STAT) pathway (17) but this is

controversial (18).

The signaling pathways activated by IL-4 and IL-13 have been examined in vitro. IL-4Rα
associates with JAK1 whereasγC associates exclusively with JAK3; IL-13Rα1 interacts with

TYK2 and JAK2 (7,19–21). Thus, JAK3 is activated by IL-4 through the type I receptor, but

not by IL-4 or IL-13 through the type II receptor (22). Activation of the JAK kinases by receptor

engagement and heterodimerization leads to phosphorylation of tyrosine residues in the

cytoplasmic domain of IL-4Rα (7). These phosphotyrosines then act as docking sites for

adaptor and signaling molecules containing protein tyrosine–binding domains (PTBs) such as

insulin receptor substrate (IRS)-2, IRS-1, downstream of kinase (Dok)-1 or Dok-2, and for

those proteins containing Src homology 2 (SH2) domains such as STAT6. STAT6 plays a

central role in gene regulation and the allergic responses regulated by IL-4 or IL-13, including

the differentiation of Th2 cells, IgE production, and chemokine and mucus production at sites

of allergic inflammation, whereas the role of IRS-2 has not been fully elucidated (23–25).

Many cell types respond to IL-4 and IL-13 with activation of signaling pathways and a biologic

response in vitro (5). Because IL-4 and IL-13 can both use the type II receptor complex, the

molecular basis for the separation of functional responses between the two cytokines is unclear.

The relative abundance of the three receptor subunits (IL-4Rα, γC, and IL-13Rα1) influences

the overall capacities of IL-4 and IL-13 to mediate phosphorylation of STAT6 and gene

activation, providing a potential mechanism through which cells may adjust their relative

responsiveness to the two cytokines (26).

In this study, we found that IL-4 induced highly efficient tyrosine phosphorylation of the

signaling adaptor molecule IRS-2 in human monocytic cell lines and primary murine

macrophages, which depended on the presence of the γC receptor subunit. The ability of IL-13

to stimulate tyrosine phosphorylation of IRS-2 was significantly less than that achieved by

IL-4 stimulation in either cell type under conditions in which phosphorylation of STAT6 was

equivalent. These results suggest that IL-4 signaling through type I IL-4 receptor, in addition

to being generally more potent than that of IL-13, selectively induced efficient tyrosine

phosphorylation of IRS-2. The presence of the γC subunit was responsible for this selectivity.

In addition, signaling by IL-4 through the type I receptor complex resulted in the induction of

expression of genes that encode markers of alternatively activated macrophages (arginase I,

FIZZ1, Ym1; reviewed in (27)) to a much greater degree than that by IL-13, even under

conditions of comparable states of STAT6 activation. These signaling differences between the

two cytokines may explain the differences in their functional effects on the various key cell

types involved in the pathogenesis of allergic disease. Appreciation of the subtle differences

between the actions of IL-4 and IL-13 will enable a better understanding of cellular responses

during allergic inflammation and a more targeted approach to strategies aimed at blocking

inflammation.
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RESULTS

IL-4 and IL-13 signaling in human cell lines

To compare the signaling responses of cells to IL-4 with those to IL-13, we performed

experiments with a human monocytic cell line that expresses both type I and type II receptors

(U937) and another that expresses only type II receptors (THP-1) (28). Analysis by flow

cytometry revealed a substantial difference in the abundance of the γC component of the type

I receptor on the surface of these two cell types (Fig. 1). The average mean fluorescence

intensity (MFI) of γC staining on the surface of U937 cells was 73 ± 5, whereas that for THP-1

cells was the same as the nonspecific control (7 ± 1). The abundance of the other receptor

components (IL-4Rα and IL-13Rα1) was only moderately different between the two cell

populations, and IL-13Rα2 was not detectable on either cell type (Fig. 1). These data indicated

that both type I and type II IL-4 receptors were found on U937 cells whereas only type II

receptors were found on THP-1 cells.

We stimulated these cell lines with various concentrations of human IL-4 or IL-13 and

examined the tyrosine phosphorylation status of STAT6 and insulin receptor substrate 2

(IRS-2), two major signaling molecules that are activated in response to IL-4Rα signaling.

Analysis of Western blots of immunoprecipitated STAT6 and IRS-2 showed that both IL-4

and IL-13 stimulated the phosphorylation of tyrosine residues in STAT6 in U937 and THP-1

cells (Fig. 2A). As noted previously for various cell types (15,26), we found that ~3 to 10-fold

more IL-13 than IL-4 was required to reach a plateau of STAT6 phosphorylation in U937 cells.

However, both cytokines stimulated similar degrees of tyrosine phosphorylation of STAT6 at

concentrations greater than 10 ng/mL. In contrast, there was a much more substantial difference

in their relative abilities to induce phosphorylation of tyrosine residues in IRS-2. IL-4

stimulated tyrosine phosphorylation of IRS-2 in U937 at low concentrations (0.33 ng/mL,

reaching maximal levels at 3.3 ng/mL), whereas IL-13 elicited substantially less

phosphorylation of IRS-2 at all concentrations tested. In THP-1 cells, phosphorylation of IRS-2

was weak in response to either IL-4 or IL-13, although STAT6 was equivalently

phosphorylated by both cytokines (Fig. 2A, 2B). Indeed, IL-13 was more potent than IL-4 at

stimulating the phosphorylation of STAT6 in THP-1 cells at high concentrations.

To test whether the IRS-2 pathway was functional in THP-1 cells, we stimulated the cells with

insulin-like growth factor 1 (IGF-I), a potent activator of IRS-2 (Fig. 2C). IL-4 induced the

tyrosine phosphorylation of IRS-2 in U937 cells similarly to that induced by IGF-I (ratio of p-

IRS-2[IL-4] to p-IRS-2[IGF-I], 1.31), whereas in THP-1 cells, IL-4 was a much poorer

stimulant of IRS-2 phosphorylation than was IGF-I (ratio of p-IRS-2[IL-4] to p-IRS-2[IGF-I],

0.2). As expected, IGF-I did not stimulate the phosphorylation of STAT6, whereas both IL-4

and IL-13 could. Thus, in the absence of γC and the type I receptor complex, activation of the

IRS-2 pathway by IL-4, although not entirely absent, was considerably impaired. Because the

dose-response curves for phosphorylation of STAT6 by IL-4 in U937 and THP-1 cells were

similar (Fig. 2A, B), the impaired phosphorylation of IRS-2 by IL-4 and IL-13 in THP-1 cells

cannot be explained by a dearth of functional receptors or JAKs. Because IGF-I-induced

phosphorylation of IRS-2 was intact, it cannot be explained by a defect in the ability of IRS-2

to become phosphorylated. It was also not the result of a deficiency in the total abundance of

cellular IRS-2, because stripping and reprobing the same Western blot did not show diminished

total cellular IRS-2 (Fig. 2C).

Overexpression of γC in THP-1 cells enabled IL-4-stimulated phosphorylation of IRS-2

Because both IL-4 and IL-13 bind to and signal through the type II receptor, but only IL-4

binds to and signals through the type I receptor, it seemed likely that the different signaling

responses to IL-4 and IL-13 in these cell lines resulted from the unique ability of IL-4 to use
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the type I IL-4 receptor. If the presence of type I receptors (γC+) was responsible for the

difference in signaling between the two monocytic cell lines, then expression of the γC subunit

and, therefore, the type I IL-4 receptor, on the surface of THP-1 cells should enable IL-4-

induced phosphorylation of IRS-2. To this end, we transfected THP-1 cells with a linearized

human γC-expressing plasmid and then selected stable antibiotic-resistant clones (Fig. 3). The

abundance of γC in each clone was determined by flow cytometry and ranged from an MFI of

15 to 78. (Fig. 3A). We evaluated signaling responses in these clones (Fig. 3B, 3C) and found

that the presence of the γC subunit in THP-1 cells enabled IL-4-stimulated phosphorylation of

IRS-2 in the three clones with the highest abundance of γC (MFIs of 24 to 78), but not in the

two clones in which the abundance of γC was only two-fold over background (MFI 15).

However, IL-4 induced the tyrosine phosphorylation of STAT6 similarly in all five clones (Fig.

3B). We further compared the ability of IL-4 to stimulate tyrosine phosphorylation of IRS-2

with that of IL-13 and IGF-I in two of the γC-expressing clones. Both IL-4 and IGF-I stimulated

tyrosine phosphorylation of IRS-2 whereas the IL-13 response was substantially lower (Fig.

3C). When expressed as a percentage of the maximal phosphorylation observed in each cell

line, the percentage of total IRS-2 that was phosphorylated in response to IL-13 ranged from

28% in U937 cells to 30–50% in the γC-expressing clones, as compared to 100% for IL-4.

Thus, efficient phosphorylation of IRS-2 induced by IL-4 correlated with the abundance of

γC at the cell surface.

IL-4 and IL-13 signaling in primary bone marrow–derived macrophages

We extended our observations by comparing the responses of primary bone marrow derived

macrophages (BMMs) from γC−/− mice to IL-4 and IL-13 with those of wild-type (WT) BMMs

(Fig. 4). We chose to analyze macrophages because they typically express type I and type II

receptors and because their development is unaffected by a deficiency in γC (29). Bone marrow

was isolated from WT and γC−/− C57BL/6 mice and cultured in macrophage colony stimulating

factor (M-CSF) for ten days. This protocol resulted in the growth of adherent macrophages

(BMM) that were >90% CD11b+ by flow cytometry (data not shown). IL-4 and IL-13 signaling

were assessed by immunoprecipitation and Western blotting experiments as described earlier.

IL- 4 (20 ng/mL) stimulated strong tyrosine phosphorylation of IRS-2 in the WT (γC-positive)

BMM, whereas the same concentration of IL-13 stimulated substantially less phosphorylation

of IRS-2 (Fig. 4A, 4B). The difference between the IL-4- and IL-13-stimulated responses was

consistent from experiment to experiment and statistically significant (Fig. 4B). In γC−/−

BMMs, IL-4-stimulated phosphorylation of IRS-2 was low and similar to that of IL-13.

However, both IL-4 and IL-13 (at 20 ng/mL) stimulated tyrosine phosphorylation of STAT6

in WT and γC−/− BMMs (Fig. 4A, 4B). Furthermore, the IRS-2 signaling pathway was intact

in these cell preparations because IGF-I stimulated the tyrosine phosphorylation of IRS-2 in

WT and γC−/− BMM equivalently (Fig. 4C).

In the experiments described thus far, cells were stimulated with a single concentration of

cytokine and antibodies to IRS-2 and STAT6 were used for immunoprecipitations prior to

incubating Western blots with pan antiphosphotyrosine antibodies (Fig. 4). As is shown in Fig.

4A (as well as in Fig. 2A, 2C, and Fig. 3B), the abundance of IRS-2 is exceedingly low (30,

31), making the immunoprecipitation step necessary to visualize phospho- or total IRS-2.

However, STAT6 protein is sufficiently abundant in cells that its phosphorylation can be

assessed directly on Western blots of total cell lysates or by flow cytometry. Using these

approaches, it has been shown that IL-4 is ~10- to 100-fold more potent than IL-13 at

stimulating the tyrosine phosphorylation of STAT6 in BMMs (26,32). Therefore, we

performed immunoprecipitations to analyze the ability of various concentrations of IL-4 and

IL-13 to induce tyrosine phosphorylation of IRS-2, and assessed their ability to induce tyrosine

phosphorylation of STAT6 by flow cytometry (intracellular staining for pSTAT6) or by

analyzing Western blots of total lysates with an anti-STAT6-Tyr641 antibody (Fig. 5). We
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found that IL-4 was indeed more potent than IL-13 at stimulating the tyrosine phosphorylation

of STAT6 by a factor of 3–100 fold. However, at concentrations of cytokine ≥20 ng/mL, the

abundance of phosphorylated STAT6 in WT BMMs in response to either IL-4 or IL-13 was

similar. In contrast, whereas IL-4 was consistently potent in stimulating phosphorylation of

IRS-2, reaching a maximal level at ~3 ng/mL, higher concentrations of IL-13 did not induce

potent tyrosine phosphorylation of IRS-2.

Association of signaling molecules with phosphorylated IRS-2

IRS-2 is a large docking protein that contains >20 potential tyrosine phosphorylation sites

(33), several of which have been characterized in detail (34–37). There are four potential

phosphotyrosine sites in IRS-2 that can recruit the p85 subunit of phosphoinositide 3-kinase

(PI3K) and only one for recruiting the cytosolic adadptor protein growth factor receptor-bound

protein 2 (Grb2). To test whether the difference in degree of tyrosine phosphorylation of IRS-2

in response to IL-4 and IL-13 might reflect differential targeting of specific sites, we performed

coprecipitation studies (Fig. 6). When we used anti-phosphotyrosine antibodies as the most

sensitive probe for the 180 kD phospho-IRS-2, we found that both anti-p85 and anti-Grb2

antibodies coimmunoprecipitated phosphorylated IRS-2 from lysates of cells treated with IL-4.

However, substantially less IRS-2 was coimmunoprecipitated by anti-p85 from lysates of cells

treated with IL-13 (25% of the IL-4 response), and no detectable IRS-2 was

coimmunoprecipitated by anti-Grb2 in cells stimulated with IL-13 (Fig. 6). Furthermore, the

anti-IRS-2 precipitates contained a greater abundance of p85 and GRB2 protein in the IL-4

treated samples. As previously reported, the abundance of GRB2 found in anti-IRS precipitates

of IL-4 treated samples is quite low (38). These results suggest that IL-4 signaling by the type

I receptor complex specifically targets the phosphotyrosine that serves as the Grb2 docking

site in IRS-2.

We further analyzed the ability of IL-4 and IL-13 to activate molecules that are classically

downstream of PI3K and Grb2 in other growth factor signaling pathways, Akt and Map kinases

respectively (Fig. 7). The M-CSF-cultured BMM demonstrated basal phosphorylation of Akt

on Ser473 that was barely increased by IL-4 or IL-13. Treatment of the cells with wortmannin

diminished the phosphorylation below the baseline suggesting that M-CSF induced the

phosphorylation of Akt on Ser473. Neither IL-4 nor IL-13 induced the phosphorylation of Akt

on Thr308. Similar to several previous reports (39–43), neither IL-4 nor IL-13 stimulated the

phosphorylation of ERK1/2 or p38 in these primary BMM while LPS treatment was able to

do so.

Induction of genes characteristic of alternatively activated macrophages

To examine whether differential signaling through the type I receptor had any functional

consequences for macrophages, we analyzed the expression of some of the characteristic and

STAT6-dependent genes associated with the alternative macrophage phenotype (44). Total

RNA was isolated from WT and γC−/− BMMs that had been treated for 6 and 24 hours with a

high concentration of IL-4 or IL-13 (100 ng/mL). This concentration was chosen because we

had observed that phosphorylation of STAT6 was both maximal and equivalently induced by

IL-4 and IL-13, as shown by all three measurements (immunoprecipitation, phosphospecific

Western blotting, and intracellular flow cytometric analysis), whereas IRS-2 phosphorylation

was not. Expression of mRNAs encoding arginase I, found in inflammatory zone 1 (FIZZ1),

Ym1, and macrophage mannose receptor (MMR) was analyzed by quantitative real-time

reverse-transcriptase polymerase chain reaction (RT-PCR) assays. Total cell lysates were also

harvested at 0, 6, 24, and 48 hours posttreatment and analyzed for the presence of arginase I

and Ym1 proteins by Western blotting. The expression of Arginase I, FIZZ1, and Ym1 mRNAs

was highly increased by IL-4 compared to that in untreated cells (Fig. 8A). This dramatic

induction of gene expression by IL-4 was diminished in the γC−/− cells for all three genes. In

Heller et al. Page 5

Sci Signal. Author manuscript; available in PMC 2009 September 8.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



contrast to IL-4, stimulation with IL-13 resulted in a more modest induction of expression of

arginase I, FIZZ1, and Ym1 mRNAs in WT and γC−/− BMMs. However, the expression of

MMR mRNA was comparably induced by both IL-4 and IL-13. We repeated our analysis of

gene expression in multiple independent experiments. IL-4 induced significant expression of

arginase I, FIZZ1 and Ym1 mRNA whereas the amount of mRNA induced by treatment with

IL-13 was significantly less (Fig. 8A). The abundance of arginase I and Ym1 proteins was

increased more slowly than their corresponding mRNA, as would be expected (Fig. 8B); clearly

detectable proteins were observed only after 48 h of stimulation with cytokine. IL-4 was more

potent than IL-13 at inducing the production of both arginase I and Ym1 proteins, which

mirrored the mRNA expression data. IL-4 did not induce the production of arginase I or Ym1

in γC−/− BMMs, but IL-13 induced the production of both proteins, albeit at low abundance.

IL-4-induced tyrosine phosphorylation of IRS-2 leads to the recruitment and activation of

phosphoinositide 3-kinase (PI3K) (33) and the production of phosphatidylinositol-3,4,5-

trisphosphate [PI(3,4,5)P3]. PI(3,4,5)P3 in turn activates a myriad of signaling pathways and

various transcription factors (45,46). The IRS-2-PI3K pathway is one mechanism by which

IL-4 is thought to mediate its antiapoptotic effects (47–50). Since the PI3K pathway was shown

to regulate the STAT6-dependent induction of NFIL-3 by IL-4 in murine B-cells (43), we

hypothesized that activation of this pathway might be a critical step linking signaling by IL-4

through type I receptors to the amplified induction of alternatively activated macrophage genes

by IL-4 in BMMs. To test this hypothesis, we pretreated WT BMM for one hour with the

specific PI3K inhibitor wortmannin (50 nM) and then stimulated the cells with 100 ng/mL of

IL-4 or IL-13 for six and 24 hours. RNA was harvested and the expression of genes associated

with alternatively activated macrophages was quantified (Fig. 9). Induction of the expression

of FIZZ1 by IL-4 was suppressed by wortmannin at both time points; wortmannin reduced the

abundance of FIZZ1 mRNA to that observed in IL-13-treated cells. The induction of expression

of Ym1 and arginase I by IL-4 was barely affected by wortmannin. These results suggest that

IL-4, acting through the type I receptor, can efficiently activate both STAT6- and IRS-2-

dependent signaling pathways, whereas either IL-4 or IL-13, acting through the type II receptor,

activates IRS-2 inefficiently. The integration of the STAT6 pathway with other pathways

downstream of IRS-2, including the PI3K pathway, may lead to amplified expression of a

subset of genes in alternatively activated macrophages.

DISCUSSION

Because IL-4 and IL-13 activate STAT6 and share biological functions and receptor subunits,

there has been much discussion about their relative importance and roles in both normal

physiology and pathological situations, such as allergic inflammation (14). In this study, we

undertook a careful side-by-side analysis of the signal transduction pathways activated by each

cytokine through the receptor complex and the functional consequences of any differential

signaling. We have shown that both IL-4 and IL-13 induce the phosphorylation of STAT6 but

that IL-4 is typically more potent than IL-13. In addition to this dose-dependent difference in

their activation of STAT6, we report that IL-4 strongly activates the IRS-2 pathway, with peak

responses in the range of 1 to 3 ng/mL, but that IL-13 is a relatively poor activator of this

pathway even at concentrations up to 200 ng/mL. Through experiments involving a human

monocytic cell line that does not express γC and cells derived from γC-deficient mice, we found

that the ability of IL-4 to efficiently induce phosphorylation of IRS-2 was dependent on the

presence of the γC subunit on the cell surface, which enables the formation of type I IL-4

receptor complexes. Forced expression of γC in THP-1 cells, which normally lack γC, allowed

for increased phosphorylation of IRS-2 in response to IL-4.

It has been suggested that the role of IL-4 is largely confined to the differentiation of Th2 cells,

immunoglobulin (Ig) class switching (particularly to IgE), and initiation of the allergic immune
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response, whereas IL-13 is thought to act later as an “effector” cytokine targeting cells in the

lung. This model is partly based on reports indicating the presence of larger amounts of IL-13

(51,52) than of IL-4 (53,54) in lung tissue and airway lavage. Our results suggest that due to

the superior potency of IL-4 over IL-13 to activate STAT6 phosphorylation rapidly (15,26),

its higher affinity for its specific binding chain (KD 20–200 pM), and its superior ability to

activate IRS-2, only very low concentrations of IL-4 would be required to elicit potent cellular

responses. Much more IL-13 would usually be required to elicit similar responses, depending

on the relative abundance of the three receptor chains on the responding cells. It is also clear

that IL-13 alone cannot elicit all the key features of the late-phase of an allergic asthmatic

response. It has been shown in many animal models that IL-4 is critical for the infiltration of

eosinophils into the airway tissue [(55–58) and reviewed in (59)]. Furthermore, it was recently

shown that the type II receptor complex is not required for eosinophilic infiltration of the

airways or for the elaboration of several alternatively activated macrophage gene products

(58,60).

The relatively superior activation of the IRS-2 signal transduction pathway by IL-4, through

the type I IL-4 receptor, and the enhanced association of IRS-2 with PI3K and Grb2, provides

a molecular mechanism by which IL-4 can exert differential signaling when compared to that

of IL-13. The mechanism by which the γC chain/type I receptor complex specifically enhances

IRS-2 phosphorylation and targets the phosphorylation of the Grb2 docking site tyrosine on

the IRS-2 molecule in response to IL-4 is unknown. One possibility is that the γC chain contains

specific sequence motifs that would enhance the recruitment and activation of the IRS-2

signaling pathway. This possibility is supported by the observation that several other cytokines

known to use the γC as part of their receptor complexes (IL-2, IL-7, IL-9, and IL-15) stimulate

the phosphorylation of IRS molecules (61–63). Sequence alignment of human and murine γC
with known IRS-2-docking sites found in other receptors (IL-4Rα and the insulin receptor),

called the I4R motif, revealed a sequence in the intracellular domain of the γC subunit highly

similar to the I4R motif, (GLXXXXQPXY compared to PLXXXXNPXY). This sequence is

absent in IL-13Rα1, which suggests that the putative I4R motif in γC may act to enhance

recruitment of IRS-2.

The type I IL-4 receptor complex recruits JAK3 by virtue of its constitutive association with

the cytoplasmic domain of the γC subunit; the type II receptor does not interact with JAK3

(64). While it is generally thought that the JAK kinases do not encode any large degree of

signaling specificity (65), we speculate the differences in signaling that we observed could be

due to unique activity of JAK3. For example, JAK3 may preferentially phosphorylate the I4R

motif of the IL-4Rα chain in type I receptor complexes whereas the other JAKs that are

associated with the type II receptor complex (JAK1, Tyk2, and JAK2) may fail to do so. JAK3

may also be a better kinase for IRS-2 than the others and have a unique ability to discriminate

between the multitude of potential tyrosine phosphorylation sites on IRS-2 and preferentially

phosphorylate the tyrosines that serve as the p85 and Grb2-docking sites. It is also possible

that the cytoplasmic domain of γC can recruit other molecules that might target the

phosphorylation of the Grb2 tyrosine or mask phosphorylation at the other sites. Further study

with in vitro experiments with purified activated JAK3 and its potential substrates will allow

us to investigate these possibilities.

In terms of the functional impact of signaling through the type I IL-4 receptor, we have

demonstrated that IL-4 signaling through type I IL-4 receptors and activation of IRS-2 in

macrophages led to a dramatic induction of a particular subset of genes characteristic of

alternatively activated macrophages (arginase I, FIZZ1, and Ym1). This induction was orders

of magnitude more potent than that induced by signaling through the type II receptor, either

by IL-4 or IL-13. In contrast, both IL-4 and IL-13 induced the expression of MMR mRNA

similarly (two- or three-fold above control). This observation suggests that phosphorylation of
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IRS-2, recruitment of Grb2, activation of signaling molecules such as PI3K, transcription

factors downstream of these molecules, or both substantially augment the transcription of the

three hallmark genes (arginase I, FIZZ1, Ym1) but not of others, such as MMR.

The identity of the molecules downstream of IRS-2/PI3K and IRS-2/Grb2 with the capacity

to influence the STAT6-depenent gene transcription are currently unknown. We did not

observe a difference in Akt phosphorylation between IL-4 and IL-13 treated BMM nor did we

observe an induction of ERK or p38 phosphorylation by these cytokines. These results are

consistent with the finding that the IRS1/Grb2/SOS association does not lead to activation of

MAP kinases (38). It has been proposed that the Grb2 adapter may interact with other molecules

such as vav and dynamin leading to Grb2-dependent but MAP kinase-independent signaling

pathways (66).

The regulation of STAT6 mediated transcription is complex and still relatively unclear. It has

been reported that STAT6-mediated transcription is regulated by multiple uncharacterized

serine/threonine kinase pathways (67) and that STAT6 cooperates with several other

transcription factors including p300, C/EBPβ, p100, and CoaSt6 to mediate transcription

(68). Interestingly, the induction of arginase I, FIZZ1, and Ym1appeared to be differentially

sensitive to the inhibitory effects of wortmannin. These observations could be explained by a

variable dependency on PI3K activity for transcriptional activation and indicates that there

might be signaling molecules or transcription factors other than those downstream of PI3K that

play a role in the expression of these genes. Induction of FIZZ1 expression by IL-4 appeared

to be the most sensitive to wortmannin and was suppressed to levels similar to that induced by

IL-13. This suggests that maximum transcriptional activity of this particular gene, although

STAT6-dependent, is heavily dependent on PI3K-activated pathways, transcription factors, or

both similar to the induction of NFIL3 by IL-4 in murine B-cells (43). We observed Akt

phosporylation in the M-CSF-dependent BMM that was only modestly affected by IL-4 or

IL-13. While Akt is a major target downstream of PI3K, it is not the only target (45) and it is

possible that other targets downstream of PI3K participate in the regulation of the FIZZ1

promoter. The FIZZ1 promoter has been functionally analyzed (69) and it contains critical

adjacent STAT6- and C/EBP-1-binding sites. Mutation of the C/EBP portion of the binding

site greatly reduced the ability of FIZZ1 transcription to be induced by IL-4 even though the

STAT6-binding site was still present. C/EBP requires the PI3K pathway for full expression

and transcriptional activity (70–72), which might explain the acute sensitivity of IL-4-induced

FIZZ1 expression to wortmannin. Detailed studies of the regulation of arginase I and Ym1

transcription would clarify the factors in addition to STAT6 that are activated and required by

these genes for full expression.

It follows that macrophages will strongly express these genes (and perhaps others for which

we did not screen) when exposed to an IL-4-containing environment, such as is found in the

lung during allergic inflammation. Expression of arginase I, FIZZ1, and Ym1 by alternatively

activated macrophages could worsen the process of allergic inflammation and exacerbate

airway remodeling in a number of ways. Arginase I may participate in the proliferative changes

and the transforming growth factor–β (TGF-β) -dependent fibrotic remodeling of the lung

(73). Arginase I synthesizes ornithine from L-arginine, and excess L-ornithine (and proline) is

taken up by fibroblasts and incorporated into collagen (74,75). Ornithine is also a substrate for

L-ornithine decarboxylase (ODC) resulting in the production of polyamines that act as growth

factors necessary for cell division (76–78). An overabundance of arginase leads to the

proliferation of vascular smooth muscle and endothelial cells (79,80), which are both associated

with chronic allergic remodeling. FIZZ1, also known as resistin-like moleculeα (RELMα), is

a cysteine- containing secreted protein whose abundance is substantially increased in the

bronchoalveolar lavage (BAL) fliud in models of murine allergic pulmonary inflammation

(81). It is hypothesized to play a negative regulatory role in allergic inflammation, as it
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antagonizes the actions of nerve growth factor (NGF), which amplifies Th2 effector functions.

In addition, FIZZ1 is implicated in mediating the deposition of extracellular matrix (82). Ym1

is an intracellular, soluble, chitinase-like lectin, which is thought to be involved in wound

healing and degradation of worm eggs (83), as it binds chitin and other related glycan structures,

and it also may act as a chemoattractant for eosinophils (84–86). Our data suggest that the

considerable increased expression of arginase 1, FIZZ1, and Ym1 through the type I IL-4

receptor would substantially increase inflammation in the lung in an allergic inflammatory

environment. Recent studies have demonstrated that the expression of these three alternatively

activated macrophage genes is increased in the lungs of IL-13Rα1−/− mice during allergic lung

inflammation, which suggests that the type I IL-4 receptor plays a major role in this feature of

allergic lung pathology (58).

From the number of studies currently available, it is clear that both types of IL-4 receptor

complexes play diverse roles in the regulation of allergic inflammation. The type II receptor

complex is critical for airway hyperreactivity and goblet cell metaplasia (55,56,58,60). Our

study indicates that the type I, γC-containing, receptor can serve as an initiator of multiple

signaling pathways (IRS-2-PI3K and IRS-2-Grb2) and that it can integrate with the STAT6

pathway to result in a dramatic amplification of a subset of macrophage genes. Further

investigations of the molecular mechanisms and downstream signaling pathways involved,

accompanied by in vivo experiments, will be required to fully elucidate the function type I IL-4

receptor signaling in the context of the allergic inflammatory response.

MATERIALS AND METHODS

Reagents

Recombinant murine and human IL-4, IL-13, and IGF-I were obtained from R&D Systems.

Sodiumorthovanadate was obtained from ICN (Aurora, OH). Biotinylated anti-human

IL-13Rα1 antibody was obtained from R&D Systems. Phycoerythrin (PE)-conjugated anti-

IL-13Rα2 antibody was obtained from Cell Science (Canton, MA) and recognized IL-13Rα2

produced in response to treatment with IL-4 tumor necrosis factor α (TNFα). All PE-conjugated

antibodies used for analysis of cells by flow cytometry were purchased from BD Pharmingen

(San Jose, CA). Antibodies for immunoprecipitation (IP), analysis of Western blots, or both

were purchased from the following companies: anti-IRS-2 (Upstate, Lake Placid, NY), anti-

STAT6 (M-20 and S-20, Santa Cruz, Santa Cruz, CA), anti-human phospho-STAT6-Tyr641

(BD Transduction Laboratories), anti-phospho-Akt-Ser473 (Invitrogen, Carlsbad, CA), anti-

mouse phospho-STAT6-Tyr641, anti-phospho-p38-Thr180/Tyr182, anti-p38, anti-phospho-

ERK1/2-Thr202/Tyr204, anti-ERK1/2, anti-phospho-Akt-Thr308, and anti-Akt (Cell Signaling

Technologies, Danvers, MA). Clean-Blot IP detection reagent (Thermo Fisher Scientific,

Rockford, IL) was used in place of a secondary antibody for detection of Grb2 (~25 kD) to

prevent detection of the light chain of the immunoprecipitating antibody.

Cell Culture

Human monocytic THP-1 cells were maintained in RPMI (BioWhittaker, Inc., Walkersville,

MD) supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 μg/mL

streptomycin, 2 mM glutamine, 0.05 mM 2-mercaptoethanol and 4.5 g/L of glucose. Human

monocytic U937 cells were maintained in RPMI supplemented with 10% fetal bovine serum,

100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamine. Murine bone marrow-

derived macrophages were generated from either WT C57BL/6 (Taconic Laboratories,

Germantown, NY) or γC−/− (breeding pairs obtained from Taconic and bred in-house). Briefly,

bone marrow was isolated from femurs and tibias of four- to six-week-old female mice.. To

deplete adherent stromal cells, the harvested bone marrow was cultured overnight in α-10

medium [α-Minimal Essential Medium supplemented with penicillin, streptomycin, and

Heller et al. Page 9

Sci Signal. Author manuscript; available in PMC 2009 September 8.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



glutamine (BioWhittaker) and 10% heat-inactivated fetal bovine serum (FBS; Invitrogen,

Frederick, MD)] with 20 ng/mL of recombinant murine macrophage colony-stimulating factor

[rmM-CSF, R&D Systems, Minneapolis, MN)]. Nonadherent cells were collected, red blood

cell lysis was performed, and nonadherent mononuclear cellswere plated and cultured for ten

days in the presence of 20 ng/mL of rmM-CSF to generate bone marrow-derived macrophages

(BMMs).

Signaling experiments

Signaling experiments were performed as described previously (32,49) with the following

modifications. Cells were deprived of serum for two hours before the additionof the cytokine

stimulus. Lysis buffer was composed of 50 mM Hepes, pH 8.0,50 mM NaCl, 1% NP-40, 5

mM ethylenediaminetetraacetic acid (EDTA), 10 mM sodium pyrophosphate, 50 mM NaF,

0.25% sodium deoxycholate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl

fluoride (PMSF), 1 μg/ml pepstatin, 10 μg/ml leupeptin, and 100 μg/ml soy-bean trypsin

inhibitor. For the analyses of serine/threonine phosphorylation, calyculin A (LC Laboratories,

Woburn, MA) was included in the lysis buffer at 100 nM. ProteinG-agarose beads (Invitrogen)

were used for immunoprecipitations. For detection of phosphotyrosines on Western blots, we

used horseradish peroxidase (HRP)-congugated anti-phosphotyrosine antibody (PY-20, BD

Biosciences) and HyGLO™ (Denville Scientific, Metuchen, NJ) or Amersham ECL (GE

Healthcare, Piscataway, NJ) as a chemiluminescent substrate for visualization of membrane-

bound proteins. Blots with darker protein bands were chosen for the representative figures.

Densitometric Analysis

Shorter exposures of films were chosen for densitometric analysis so that band intensities were

in the linear range of the film. Films were scanned using a flat-bed scanner and the density of

the bands on the captured image was analyzed using the NIH Image software (version 1.63f).

The amount of phosphoprotein was calculated as a ratio of the density of the band of the

phosphorylated form divided by the density of the band corresponding to the unphosphorylated

form of the protein for normalization. For some experiments, the amount of phosphoprotein

was calculated as a percentage of the maximal phosphoprotein signal. In these cases, the amount

of induced phosphoprotein in response to a certain stimulus (usually IL-4 or IGF-I) was set to

100% (“maximal”) and the amount of induced phosphoprotein in response to the other stimuli

was compared to that maximal value.

Flow cytometry

Cells were washed with FACS buffer [Dulbecco’s phosphate-buffered saline (DPBS)

containing 0.1% bovine serum albumin (BSA) and 0.1% sodium azide)]three times and 3 ×

105 cells were incubated either with specific PE-conjugated antibodies against the surface

proteins of interest or isotype-matched PE-conjugated immunoglobulin as the negative control.

An unstained sample of cells was also used as a negative control; propidium iodide (PI) was

added to this sample to detect dead cells, so that only PI-negative live cells were included in

the analysis. Cells were incubated with antibodies for 20 to 30 minutes on ice to allow binding,

before an additional three washes to remove unbound antibody. Fluorescently labeled cells

were analyzed using the FACSCalibur instrument and CellQuest software to generate FACS

histograms showing the fluorescence intensity of the specific surface protein on live cells. The

mean fluorescence intensities of these histograms were also measured by FACSCalibur/

CellQuest software. For detection of intracellular phospho-STAT6, cells were fixed and

permeabilized with 4% formaldehyde followed by 90% methanol at −20 °C for one hour or

more. Fixed and permeabilized cells were washed three times with Triton buffer and incubation

with the appropriate antibodies was performed for 30 minutes at room temperature in the dark.
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Unbound antibodies were removed by rinsing cells three times with Triton buffer and the

fluorescently labeled cells were analyzed as described above.

Stable transfection of THP-1 with wild-type or mutant γC

THP-1 cells were co-transfected with a linearized plasmid encoding WT human γC [a generous

gift from Dr. Warren Leonard, NHLBI, NIH, (87)] and a neomycin-resistance plasmid using

the Amaxa nucleofection device. Stable clones were selected by growth in G418-containing

medium and overexpression of the plasmid was verified by flow cytometry with specific

antibodies to human γC as described above.

Real-time RT-PCR

Total RNA was isolated from BMM cultures with the RNeasy kit (Qiagen, Valencia, CA)

according to the manufacturer’s protocol, and cDNA was generated using the SuperScript™

III First Strand Synthesis System (Invitrogen). Real-time PCR was performed with specific

primer sets (synthesized by Invitrogen) by methods previously described (88) on an Applied

Biosystems Inc. 7900HT machine. The relative abundance of mRNA for specific genes in

treated cells are reported as the fold-induction over their abundance in untreated, control

samples, with hypoxanthine guanine phosphoribosyl transferase (HPRT) as the internal

reference gene [2−ΔΔCt method (89)].

Statistical Analysis

Average data are expressed as the mean ± SEM from three or more independent experiments.

Statistical analysis was performed on the data with the Wilcoxon-Mann-Whitney Rank Sum

test or Student’s t-test where appropriate. Statistical significance was reached when P < 0.05.
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Fig. 1.

Abundance of receptor chains on U937 and THP-1 cells. Equivalent numbers of cells were

incubated with specific antibodies (filled histograms) against human γC, IL-4Rα, IL-13Rα1,

and IL-13Rα2 or with the corresponding isotype-matched controls (open histograms) as

indicated and were analyzed by flow cytometry. Representative histogram plots from one

experiment for each receptor subunit are shown. The mean fluorescence intensity of the positive

peaks are shown.
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Fig. 2.

IL-4 and IL-13 signaling through the type I and type II IL-4 receptors in U937 and THP-1 cells.

(A) U937 and THP-1 cells were treated with various concentrations of human IL-4 or IL-13,

as indicated, for 30 minutes. Cell lysates were prepared and used in immunoprecipitation assays

with anti-STAT6 or anti-IRS-2 antibodies, which were analyzed by Western blotting with anti-

phosphotyrosine antibodies. After stripping, the blots were incubated with anti-STAT6 or anti-

IRS-2 antibodies, as indicated. Autoradiograms of a representative experiment out of 3

independent experiments are shown. (B) Autoradiograms shown above in A were scanned and

densitometry was performed on the bands with NIH Image software. The relative densities of

bands corresponding to phosphorylated proteins were divided by the densities of bands

corresponding to total proteins, as indicated. (C) U937 and THP-1 cells were treated with

increasing concentrations of IL-4 or 100 ng/mL IGF-I for 30 minutes, as indicated. For IRS-2,

cell lysates were analyzed as described for panel A. For analysis of STAT6, Western blots of

total lysates were incubated with antiphospho-STAT6-Tyr641 antibody. After stripping, the
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blots were incubated with anti-STAT6 antibody. The gap in the U937 blot (left-hand side)

indicates other lanes on the SDS-PAGE gel that are not shown here. The samples are from the

same exposure of the same blot. Autoradiograms of a representative experiment out of 2

independent experiments are shown.
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Fig. 3.

Ectopic expression of γC in THP-1 cells. (A) THP-1 cells were transfected with linearized

plasmids encoding the human γC gene and neomycin resistance to allow selection of positive

clones in media containing G418. Following 8 weeks of selection, clones were screened for

the presence of surfaceγC by incubation with antibodies against human γC (filled histograms)

or isotype-matched controls (open histograms) and were compared to the parental THP-1 cell

line by flow cytometry. The mean fluorescence intensity (MFI) of the anti-γC-PE-stained

sample is indicated in the upper right corner of each plot. (B) U937, THP-1, and THP-1 cells

expressing human γC were treated with human IL-4 (10 ng/mL) as indicated for 30 minutes.

Cell lysates were prepared and samples were immunoprecipitated with anti-IRS-2 or anti-

STAT6 antibodies. Western blots were incubated with anti-phosphotyrosine antibodies. After
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stripping, the blots were incubated with anti-STAT6 or anti-IRS-2 antibodies, as indicated.

Autoradiograms of a representative experiment out of 3 independent experiments are shown.

Several molecular weight species of STAT6 commonly observed in macrophage cell lines are

visible. Autoradiograms shown above were scanned and densitometry was performed on the

major bands using NIH Image software. The relative densities of bands corresponding to

phosphorylated proteins were divided by those corresponding to total proteins and the value

is shown under the blots. (C) U937 and two THP-1 clones expressing human γC were treated

with human IL-4 (10 ng/mL), human IL-13 (10 ng/mL), or human IGF-I (100 ng/mL) as

indicated for 30 minutes. Analysis of phospho-IRS-2 and phospho-STAT6 was carried out as

described in Fig. 2C. Densitometric analysis on autoradiograms was performed as described

in the Materials and Methods and the data were expressed as a percentage of the maximal

response for each cell type or clone. In this experiment the IGF-1-induced tyrosine

phosphorylation of IRS-2 in U937 cells was weaker than usual as compared to the IL-4-induced

response.
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Fig. 4.

Signaling in response to IL-4 and IL-13 in WT and γC−/− BMMs. (A) BMM were isolated and

cultured from WT C57BL/6 and γC−/− mice as described in Materials and Methods. After ten

days, the cells were stimulated with 20 ng/mL IL-4 or IL-13 for 30 minutes and cell lysates

were collected and analyzed for IRS-2 and STAT6 phosphorylation as described in Fig. 1.

Representative Western blot films are shown from a total of more than four independent

experiments. (B) Densitometric analysis of Western blot films. Densitometric analysis was

performed as described in Figure 1B. The amount of normalized phosphoprotein measured in

response to IL-4 was set as the maximal response (= 100 %). n = 4, * P < 0.05. C. Western

blot films showing IRS-2 phosphorylation in response to IGF-I in WT and γC−/− BMM. Cells
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were stimulated with 100 ng/mL mIGF-I or 20 ng/mL IL-4 and IL-13 and were analyzed for

IRS-2 phosphorylation as described in Fig. 1.
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Fig. 5.

Analysis of phosphoproteins in WT BMMs. (A) BMMs were isolated from WT C57BL/6 mice

and cultured as described in Materials and Methods. After ten days, the cells were stimulated

with IL-4 or IL-13 (20 ng/mL) for 30 minutes and cell lysates were collected and analyzed for

IRS-2 and STAT6 phosphorylation by immunoprecipitation and Western blotting as described

for Fig. 1. (B) BMMs were treated with various concentrations of IL-4 or IL-13 for 30 minutes.

The analysis of tyrosine phosphorylation of IRS-2 and STAT6 was performed using the

following methods: Graph 1 - densitometric analysis of IRS-2 phosphorylation by

immunoprecipitation followed by analysis of Western blots with an anti-phosphotyrosine

antibody. Graph 2 - densitometric analysis of pSTAT6 in total cell lysates by Western blotting
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with phospho-specific anti-STAT6 antibodies. Graph 3 - analysis of pSTAT6 by intracellular

flow cytometry with PE-conjugated anti-pSTAT6 antibodies. These graphs are representative

of 3 independent experiments.
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Fig. 6.

Association of pIRS-2 with the p85 subunit of PI3K and Grb2. (A) BMMs were isolated from

WT C57BL/6 and γC−/− mice and cultured as described above. After ten days, the cells were

stimulated with IL-4 or IL-13 (20 ng/mL) for 30 minutes and cell lysates were collected and

precipitated with anti-IRS-2, anti-p85, or anti-Grb2 antibodies as indicated. Western blots were

incubated with anti-phosphotyrosine antibody. The region of the blot containing the 180 kD,

pIRS-2 is shown. The blots were stripped and incubated with anti-IRS-2, anti-p85 or anti-Grb2

antibodies as shown. (B) Densitometric quantitation of the phosphotyrosine Western blots

shown in panel A. These data are representative of 3 independent experiments.
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Fig. 7.

Analysis of downstream phosphorylation. (A) BMMs were isolated from WT C57BL/6 mice

and cultured as described above. After ten days, the cells were stimulated with IL-4 or IL-13

(100 ng/mL) or LPS (100 ng/ml) for various times as indicated and cell lysates were collected.

Where indicated the BMM were pre-treated with wortmannin as described in Materials and

Methods. RAW264.7 macrophages were treated with 1 mM H2O2 for 15 minutes and used as

a positive control. Western blots were probed with phosphospecific antibodies as indicated.

The blots were stripped and reprobed for total protein as appropriate. These data are

representative of 3 independent experiments.

Heller et al. Page 27

Sci Signal. Author manuscript; available in PMC 2009 September 8.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 8.

Induction of expression of genes characteristic of alternatively activated macrophages by IL-4

and IL-13 in WT and γC−/− BMM. (A) BMMs were isolated from WT C57BL/6 and γC−/−

mice as described in the Materials and Methods. After ten days, cells were stimulated with 100

ng/mL IL-4 (black bars) or IL-13 (hatched bars) for 6 and 24 hours and total RNA was

harvested. Complementary DNA was generated and real-time RT-PCR analysis was performed

with specific primers for the named genes. The results are expressed as the fold-induction

(2−ΔΔCt) of a given mRNA in cytokine-treated cells compared to that of unstimulated cells and

normalized to HPRT, a housekeeping gene. The top panels show a representative of 3–5

individual experiments. The standard errors for the qPCR plate replicates were too small to

appear on the graphic representation. In the bottom bar graphs, the average data from multiple

individual experiments were expressed as a percentage of maximal induction (IL-4-stimulated

value = 100%) at 24 hours. n = 3 – 5, * P < 0.05, ** P < 0.01, † P < 0.005, ‡ P < 0.001. (B)

Production of arginase I and Ym1 protein in WT and γC knockout mice. Total cell lysates were

harvested at the time points indicated and were analyzed by Western blotting as described in

the Materials and Methods.
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Fig. 9.

Effect of wortmannin on the induction of FIZZ1, Ym1, and arginase 1 by IL-4. BMMs were

isolated from WT C57BL/6 mice as described above. After ten days, the cells were treated

with (filled circles) or without (open circles) 100 nM wortmannin for twenty minutes and were

then stimulated with 100 ng/mL IL-4 or IL-13 (open triangles). Total RNA was harvested at

six and 24 hours. cDNA was generated and real-time RT-PCR analysis with specific primers

for the named genes was performed. The results are expressed as the fold-induction (2−ΔΔCt)

of each specific mRNA in cytokine-treated cells compared to that of unstimulated cells and

normalized to HPRT, a housekeeping gene. A representative experiment of two independent

experiments is shown.
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