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Abstract

The history of the discovery and the development of our knowledge of IL-4 exemplifies the path 

of progress in biomedical science. There are unanticipated twists and turns although progress is 

made, sometimes quickly, other times far too slowly. Illustrative is the extended time from the 

first report of IL-4 in 1982 to the establishment of the efficacy of blocking IL-4 and its congener 

IL-13 in the treatment of moderate to severe asthma and atopic dermatitis, a period of 31 years. 

The author was “present at the creation” and has been a participant or a witness to virtually all the 

major advances and recounts here his recollection of this history.

Introduction

Interluekin-4 and its congener IL-13 are highly polyfunctional cytokines. Indeed, despite 

intensive study for over 30 years, it is likely that the full range of functions of these 

cytokines is not yet known since the distribution of IL-4 receptors is extremely broad (Ohara 

and Paul, 1987a), suggesting that many cell types will display responses to IL-4. Not all of 

these responses have been carefully assessed. Despite the great pleiotropy of this molecule, 

its story begins with its function on one cell type – namely its capacity to enhance the 

proliferative responses of B cells to anti-immunoglobulin antibodies (Howard et al., 1982). 

That response itself was discovered as a result of a program of research that my colleagues 

and I in the Laboratory of Immunology undertook in the late 1970s in an effort to resolve a 

debate that has surprisingly modern reverberations.

At the time, there were two contending views regarding the significance of expression of 

membrane immunoglobulin on B cells. Don Mosier and I (Mosier et al., 1977) and our 

colleagues in LI, as well as several other groups, most notably that of David Parker (Parker, 

1975), argued that membrane immunoglobulin was a true receptor and that its interactions 

with cognate antigens led directly to biochemical signals within B cells that were important 

in their growth and differentiation into memory cells and antibody-producing cells. The 

alternative viewpoint, championed by Göran Möller and Antonio Coutinho, was the 

membrane immunoglobulin was an antigen-binding molecule but not a signal transducer. Its 
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role was to concentrate epitope-linked intrinsic stimulants such as LPS on the B cell surface 

and thus to indirectly activate B cells (Coutinho and Möller, 1975).

Today, we would say that the case of membrane Ig as a receptor is established beyond 

doubt. Indeed, B cells can be activated through receptor aggregation even in the absence of 

all TLRmediated signaling (Zeng, et al., 2014). However, it is also clear that membrane Ig-

mediated concentration of innate stimulants, such as toll-like receptor ligands, on the B cell 

can enhance the activation of these cells. (Leadbetter at al., 2002).

Early History of IL-4: Discovery to Cloning

Because of the raging controversy regarding mIg function, we were impelled to study in 

detail the induction of proliferative responses by B cells stimulated with anti-IgM antibodies 

(Sieckmann et al., 1978a and b). We carried out an extensive series of studies and were 

struck by the finding that the proliferative response of the B cells was very cell density-

dependent. That led Maureen Howard and me to speculate that there might be a 

contaminating cell type in our cultures that we were diluting out as we reduced cell density 

and that a product of that cell might aid the B cell response. We tested the PMA-induced 

supernatant of an EL-4 cell line and were gratified to find that highly diluted supernatant 

would strikingly enhance the proliferative response of B cells to anti-IgM (Howard et al., 

1982). Partial purification showed that the factor had a molecular weight of ~18,000 daltons 

and that it was clearly different from IL-2. Initially, the factor was designated B cell growth 

factor (BCGF). As other B cell functions (I’ll describe them shortly) were recognized, the 

factor was renamed B cell stimulatory factor-1 (BSF-1) and finally, when it was molecularly 

cloned, the definitive name of IL-4 was given to it.

The next major step in the IL-4 story was its purification and the preparation of a specific 

monoclonal antibody in 1985 by Junichi Ohara and myself (Ohara et al., 1985). The 

antibody, 11B11, efficiently neutralizes IL-4 and prevents it from binding to the IL-4 

receptor. 11B11 is still widely used today. In that same year, we showed that IL-4 had 

several other important B cell stimulatory functions other than regulation of B cell growth in 

response to anti-IgM antibodies. For example, Evelyn Rabin demonstrated that IL-4 acted 

on resting B cells to prepare them to proliferate (Rabin et al., 1985). Even more striking was 

the demonstration of its role as an immunoglobulin switch factor. The initial report of the 

effect of IL-4 in promoting proliferation of B cells appeared in the March 1982 issue of the 

Journal of Experimental Medicine (Howard et al., 1982). In that same issue, a joint paper 

from the laboratories of Ellen Vitetta and Peter Krammer appeared describing a supernatant 

of several T cell lines and of hybridomas that enhanced switching of B cells to secretion of 

IgG, particularly IgG1 (Isakson et al., 1982). In 1985, in a collaboration of my laboratory 

with that of Ellen Vitetta, we showed that purified IL-4 had the IgG1-switching capacity that 

Vitetta and Krammer had reported and that anti-IL-4 blocked the switch-promoting activity 

of their supernatants (Vitetta et al., 1985) so that the first reports of IL-4 functions can be 

dated to the March, 1982 issue of the Journal of Experimental Medicine. Sideras and 

colleagues also reached the conclusion that IL-4 was the IgG1 switch factor at about the 

same time (Sideras et al., 1985). Shortly thereafter, in 1986, in a collaboration of Bob 
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Coffman’s laboratory and mine, we demonstrated that IL-4 was a potent switch factor for 

IgE (Coffman et al., 1986).

In that same year, it was recognized that IL-4’s action was not limited to B cells. Tim 

Mosmann’s group and ours showed that IL-4 could act as both a T cell and a mast cell 

growth factor (Mosmann et al., 1986a) and Vitetta and her colleagues showed that IL-4 

could act to promote the growth of T cell lines (Fernandez-Botran et al., 1986).

1986 was capped off by the molecular cloning of mouse and human IL-4, the former by the 

groups of Honjo (Noma et al., 1986) and of Lee (Lee et al. 1986) and the latter by Lee and 

Arai and their colleagues ((Yokota et al., 1986). And, at about the same time, the amino acid 

sequence of the IL-4 protein was obtained by Grabstein and colleagues at Immunex 

(Grabstein et al,. 1986) and shortly thereafter by our group (Ohara et al., 1987b).

A final aspect of this early history was the discovery of in 1989 of IL-13, a close congener 

of IL-4, which can mediate virtually all of IL-4 actions on non-hematopoietic cells and to 

some degree on hematopoietic cells (Brown et al., 1989).

Chromosomal Localization and Epigenetic Regulation

In 1988, the Il4 gene was mapped to mouse chromosome 11 within 1 cM of the Il3 gene 

(D’Eustachio et al., 1988) and to the syntenic region in the human, chromosome 5q31 

(Sutherland et al., 1988). Thereafter, this region was mapped in detail and it was shown that 

IL13 and IL4 genes were 12 kB apart (Smirnov et al., 1995), located between the genes for 

RAD50 and KIF3a, an arrangement that is evolutionarily highly conserved. Detailed analysis 

indicates that there are a series of sites in the IL-4 locus that are hypersensitive to DnaseI in 

Th2 cells (Agarwal and Rao, 1998). Several of these were shown to be important in 

production of IL-4 using a transgenic mouse model (Lee et al., 2001). One, HSII, is located 

in the second intron of the Il4 gene and is tightly associated with both GATA3 and STAT5 

binding sites (Cote-Sierra et al., 2004; Wei et al., 2011). Since both GATA3 and STAT5 are 

essential to the priming of naïve cells to become IL-4 producers, this strongly suggested an 

important role for HS II. Indeed, deletion of this site profoundly diminishes IL-4 expression 

(Tanaka et al., 2010). ChIPSeq studies demonstrated that histone H3 bound to the Il4 locus 

was trimethylated at lysine4 in Th2 cells, implying accessibility, but was trimethylated at 

lysine 27 in Th1 and Th17 cells, consistent with the failure of these cells to produce IL-4 

(Wei et al., 2009).

The IL-4 Receptor and Signaling Mechanisms

The first major step to understanding the signaling pathways through which IL-4 mediated 

its function was the demonstration of its receptor. In 1987, Junichi Ohara and I (Ohara and 

Paul, 1987a) reported that a saturable high affinity receptor existed on the surface of T cells. 

The affinity was ~3×1010M−1 and resting lymphocytes had ~300 receptors per cell but 

activated lymphocytes had 5 to 10 times more receptors per cell than resting cells; 

macrophages and mast cells had 2000 to 3000 receptors per cell. When we attempted an 

estimate of the molecular size of the binding chain, we obtained a value of 80,000 daltons; 

similar results were obtained by Linda Park and her colleagues at Immunex (Park et al., 
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1987). However, when the human IL-4 receptor was molecularly cloned at Immunex 

(Idzerda et al., 1990), the molecular size proved to be 140,000 daltons. It was subsequently 

shown that the 80 kD molecule was a breakdown product of the 140 kD receptor (Keegan et 

al., 1991),

After Warren Leonard had shown that the X-chromosome-encoded IL-2 receptor chain 

gamma common (γc) was mutant in X-linked severe combined immune deficiency (Noguchi 

et al., 1993), his group and ours showed that γc and IL-4Rα comprised the type I IL-4 

receptor signaling complex (Russell et al., 1993). In lymphoid cells, IL-4Rα was associated 

with Jak1 and γc with Jak3. IL-4 and its congener IL-13 were shown to be unique in that 

they were the only ligands that caused STAT6 phosphorylation. Beginning with the efforts 

of Achsah Keegan and Jacqueline Pierce, analysis of patterns of protein phosphorylation in 

response to IL-4 and of the structure of the binding chain of the IL-4 receptor (IL-4Rα) led 

to the conclusion that there were two major signal transduction pathways activated by IL-4 

(Wang et al., 1992; Keegan et al., 1994). One depended on STAT6 phosphorylation, 

presumably as a result of binding of STAT6 to one of the three distinct binding elements in 

the IL-4Rα chain, with the consensus sequence of GYKxF. Indeed, mutating the Y in these 

sequences to F almost completely eliminated STAT6 phosphorylation in response to IL-4 

and blocked a whole series biological functions (Ryan et al., 1996). The other pathway was 

initiated by tyrosine phosphorylation of a Y in a motif shared by the insulin receptor and the 

IL-4 receptor, NPxYxSxSD, resulting in the phosphorylation of insulin receptor substrate 2 

(IRS2), and in its interaction with the regulatory subunit of PI3 kinase. The importance of 

the I4R motif in T cells in not certain since little or no ERK phosphorylation is observed in 

lymphocytes in response to IL-4 although insulin does induce ERK phosphorylation in these 

cells. Most IL-4 functions in lymphocytes are lost in STAT6−/− mice (Zhu et al., 2001). 

However, in myeloid cells, IL-4-mediated cell growth depends on the I4R/IRS-2 pathway 

(Wang et al., 1992).

IL-13 uses as its receptor a complex consisting of the IL-4 binding chain IL-4Rα, and 

IL-13Rα1 (Hilton et al., 1996; Miloux et al., 1997). This complex also serves as a second 

receptor for IL-4 and accordingly is designated the type II IL-4 receptor. The type II IL-4 

receptor is expressed widely on non-hematopoietic cells but not on T cells (in human and 

mouse) or B cells (in the mouse). Despite the fact that both IL-4 and IL-13 can utilize the 

IL-4Rα/IL-13Rα1 complex as a receptor, they do so in quite different manners and their 

distinctive way of using this receptor accounts for some of the difference in their relative 

potency particularly on non-hematopoietic cells (Junttila et al., 2008). IL-4 binds to 

IL-4Rαwith high affinity, approximately 1010M−1, but IL-13Rα1 (or γc) binds weakly to the 

complex of IL-4/IL-4Rα1 (solution K=~2×106M−1) (LaPorte at al., 2008) so that under most 

circumstances, unless IL-13Rα1 or γc are in substantial excess, only a portion of the IL-4/

IL-4Rαcomplexes ever achieve the capacity to signal. By contrast, although IL-13 binds 

with relatively low affinity to IL-13Rα1 (K=3×107M−1), the recruitment of IL-4Rαto the 

IL-13/IL-13Rα1 complex is ~25 times more efficient than the binding of γc or IL-31Rα1 to 

IL-4/IL-4Rα(solution K= 5×107M−1). Thus, although much more IL-13 than IL-4 is 

required to saturate the binding chain, a substantial portion of the receptors can signal in 

response to IL-13 when the concentration is raised sufficiently whereas IL-4 achieves its 
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maximum stimulation at low ligand concentration but that maximum is less than that which 

can be achieved by IL-13 (Junttila et al., 2008).

IL-4 Controls Th2 Differentiation

Tim Mosmann and Bob Coffman subdivided a series of long term CD4 T cell lines into two 

classes, based on the range of cytokines they produced when stimulated (Mosmann et al., 

1986b). Th1 cells produced IFNγ but not IL-4 while Th2 cells produced IL-4, and its 

congeners, but not IFNγ. This work had an remarkable impact on the those interested in the 

biology of T cells but it did not speak to the mechanisms through which naïve CD4 T cells 

acquired the Th1 or Th2 phenotype or even if the fates of these cells were already 

established in the naive CD4 T cell population. To understand the process of differentiation, 

our group (Le Gros at al., 1990) and Susan Swain’s group (Swain et al., 1990) set up in vitro 

cultures of naïve CD4 T cells and stimulated them in vitro with polyclonal activators. We 

used anti-CD3 and anti-CD28 and observed that the appearance of IL-4-producing cells in 

vitro occurred only when we added both IL-4 and IL-2 to our cultures. We were uncertain as 

to whether IL-2 was only required to keep cells viable and to insure that they would 

proliferate so we concentrated our attention on IL-4. It was clear that IL-4 acting relatively 

early in the culture period was essential for naïve CD4 T cells to acquire IL-4-producing 

capacity. Susan Swain reached the same conclusion. Later, we would show that IL-2 also 

was essential for Th2 differentiation (Cote-Sierra et al., 2004; Zhu et al., 2003). We also 

showed that the vast majority of naïve cells, cultured as single cells, would acquire a Th2 

phenotype if antigen and antigen-presenting cells and a source of IL-4 were present (Noben-

Trauth et al., 2002). This and related work established that naïve cells had multipotentiality 

and that if cultured with activators such as cognate antigen or anti-CD3, the phenotype was 

determined by the presence of specific cytokines during the activation process. The finding 

that the major product of Th2 cells, IL-4, was also a principle inducer raised the notion that 

Th differentiation might involve strong positive feedback. This has proven to be correct and 

to be a general feature with IFNγ acting as the feedback cytokine for Th1 differentiation and 

IL-21, in an indirect manner, for Th17 cells.

Hidehiro Yamane and I have been interested in the dynamics of this positive feedback in 

Th2 differentiation (Yamane et al., 2005). Using a culture system in which naïve CD4 TCR 

transgenic T cells specific for either pigeon cytochrome C or ovalbumin are cultured with 

sorted myeloid dendritic cells, we showed that low but not high concentrations of cognate 

peptide induced CD4 T cell production of IL-4 beginning at 12–14 hours of culture. This 

“early” IL-4 production required STAT5 activation, mediated through endogenously 

produced IL-2, and the induction of GATA3 but was independent of IL-4. Once this TCR-

induced IL-4 reached a sufficient level, it acted on IL-4 receptors on the responding CD4 

cells and, through STAT6 phosphorylation, further up-regulated GATA3 expression. 

Together with continued STAT5 activation, this further enhanced IL-4 production and 

completed the Th differentiation process.

While Th2 differentiation depends almost completely on IL-4 in vitro, this does not appear 

to be the case in vivo (van Panhuys et al., 2008). Th2 differentiation independent of IL-4 has 

been shown most clearly in responses against the helminth Nippostrongylus brasiliensis.In 
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response to this infection, mice that cannot receive an IL-4 signal can nonetheless develop a 

robust Th2 response. However, GATA3 expression is essential to Th2 differentiation in N. 

brasiliensis-infected animals (Zhu et al., 2004) implying that GATA3 can be induced to a 

sufficient degree in vivo by IL-4 independent stimuli.

The discovery of GATA3 as essential to Th2 differentiation established the principle of 

“master regulatory transcription factors” in Th differentiation. The Flavell and Ray 

laboratories were the first to show the importance of GATA3 in Th2 differentiation (Zheng 

and Flavell, 1997; Zhang et al., 1997) and the use of mice with conditional GATA3 deletion 

unequivocally established its central role (Zhu et al., 2004; Pai et al., 2004).

IL-4 works in vivo

The first clear demonstration that IL-4 was produced and acted in vivo came from a 

collaboration between Fred Finkelman’s laboratory and mine in which it was shown that our 

monoclonal anti-IL-4 antibody blocked the induction of polyclonal IgE responses in 

response to stimulation of BALB/c mice with anti-IgD antibody (Finkelman et al., 1986). 

This established that IL-4 not only could cause switching to IgE but that it was a principal 

means through this was achieved. This was even more clearly demonstrated when mice with 

an IL-4 genetic deletion were generated. Kuhn et al. (1991) showed that such mice produced 

little or no IgE and had a major reduction in serum levels of IgG1. IL-4Ra−/− mice (Noben-

Trauth et al., 1997) and Stat6−/− (Kaplan et al., 1996; Takeda et al., 1996; Shimoda et al., 

1996) showed similar striking deficiencies in both IgE and IgG1 antibody responses. An 

extended discussion of the range of in vivo actions of IL-4 is beyond the scope of this 

historical piece but many of the articles in this issue will address such actions. However, 

among the more striking and unanticipated functions associated with IL-4 are its role in 

muscle regeneration (Heredia et al., 2013), in control of adipocyte differentiation (Qiu et al., 

2014), and in learning and memory (Derecki et al., 2010).

IL-4 Producing Cells

IL-4 was first shown to be a product of Th2 cells in the classical Mosmann and Coffman 

Th1/Th2 experiment. However, additional cell types have now been shown to have the 

capacity to produce IL-4. These include NK T cells (Yoshimoto et al., 1995), basophils 

(Seder et al., 1991), mast cells (Brown et al., 1987; Plaut et al., 1989) eosinophils (Nonaka et 

al., 1995; Moqbel et al., 1995). Type II innate lymphoid cells (ILC2 cells) (Moro at al., 

2010; Neill et al., 2010; Price et al., 2010) and multipotent progentors type 2 (Saenz et al., 

2010) are good producers of IL-13 and IL-5 when stimulated by IL-33 but they fail to 

produce IL-4 in response to this stimulant. However, if stimulated with PMA and 

ionomycin, ILC2 cells do produce IL-4.

Indeed, as a general rule, IL-4 production requires a stimulant that elevates intracellular free 

calcium and its production is in most instances complete inhibited by Cyclosporin A 

whereas IL-13 production even in response to PMA and ionomycin is only partially 

sensitive to Csa and, in response to cytokine stimulation, completely resistant (Guo et al., 

2008).
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The one cell type whose production of IL-4 does not fit the simple model of receptor driven 

stimulation of transcription, translation and secretion is the eosinophil. It has been argued 

that in eosinophils, IL-4 is found with in granules and is secreted in the course of piece-meal 

degranulation characteristic of eosinophils (Bandiera-Melo et al., 2001).

Last Words

IL-4 is the quintessential regulatory cytokine, playing a role in a vast number of immune, 

and as increasingly recognized, non-immune functions. At the time of its discovery, we little 

imagined how broad its functionality would be nor did we envisage the possibility that 

blocking its receptor would prove to be a medically valuable strategy, as has now been 

shown with the demonstrated efficacy of Dupilumab in moderate to severe asthma (Wenzel 

at al., 2013) and in atopic dermatitis (Beck et al., 2014), although the 26 year time span from 

the first description of the IL-4 receptor to its demonstrated efficacy as a therapeutic in 

humans is rather daunting. The IL-4 field has grown enormously from the first experiments 

that Maureen Howard and I did to one in which Pubmed now lists more than 23,500 papers 

on this subject. The new findings on its role in energy metabolism, muscle regeneration and 

learning and memory lead me to expect that the field is far from “mature” and that many 

exciting new discoveries lie in the future.

Acknowledgments

The work cited in this paper from my research group was supported by funding from the Division of Intramural 
Research of the National Institute of Allergy and Infectious Diseases. All animal experiments were conducted under 
the approval of the NIAID Animal Care and Use Committee.

I thank my current and former post-doctoral fellows and my many colleagues for their efforts to advance our 
knowledge of the biology of IL-4 and related issues and for their many conversations that illuminated this subject.

References

Agarwal S, Rao A. Modulation of chromatin structure regulates cytokine gene expression during T cell 
differentiation. Immunity. 1998; 9:765–775. [PubMed: 9881967] 

Bandeira-Melo C, Sugiyama K, Woods LJ, Weller PF. Eotaxin elicits rapid vesicular 
transportmediated release of preformed IL-4 from human eosinophils. J Immunol. 2001; 166:4813–
4817. [PubMed: 11290754] 

Beck LA, Thaçi D, Hamilton JD, Graham NM, Bieber T, Rocklin R, Ming JE, Ren H, Kao R, Simpson 
E, Ardeleanu M, Weinstein SP, Pirozzi G, Guttman-Yassky E, Suárez-Fariñas M, Hager MD, Stahl 
N, Yancopoulos GD, Radin AR. Dupilumab treatment in adults with moderateto- severe atopic 
dermatitis. N Engl J Med. 2014; 371:130–139. [PubMed: 25006719] 

Brown KD, Zurawski SM, Mosmann TR, Zurawski G. A family of small inducible proteins secreted 
by leukocytes are members of a new superfamily that includes leukocyte and fibroblast-derived 
inflammatory agents, growth factors, and indicators of various activation processes. J Immunol. 
1989; 142:679–687. [PubMed: 2521353] 

Brown MA, Pierce JH, Watson CJ, Falco J, Ihle JN, Paul WE. B cell stimulatory factor-1/interleukin-4 
mRNA is expressed by normal and transformed mast cells. Cell. 1987; 50:809–818. [PubMed: 
3497723] 

Coffman RL, Ohara J, Bond MW, Carty J, Zlotnik A, Paul WE. B cell stimulatory factor-1 enhances 
the IgE response of lipopolysaccharide-activated B cells. J Immunol. 1986; 136:4538–4541. 
[PubMed: 3486902] 

Paul Page 7

Cytokine. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cote-Sierra J, Foucras G, Guo L, Chiodetti L, Young HA, Hu-Li J, Zhu J, Paul WE. Interleukin 2 
plays a central role in Th2 differentiation. Proc Natl Acad Sci U S A. 2004; 101:3880–3885. 
[PubMed: 15004274] 

Coutinho A, Möller G. B cell mitogenic properties of thymus-independent antigens. Nat New Biol. 
1973; 245:12–14. [PubMed: 4125593] 

Derecki NC, Cardani AN, Yang CH, Quinnies KM, Crihfield A, Lynch KR, Kipnis J. Regulation of 
learning and memory by meningeal immunity: a key role for IL-4. J Exp Med. 2010; 207:1067–
1080. [PubMed: 20439540] 

D'Eustachio P, Brown M, Watson C, Paul WE. The IL-4 gene maps to chromosome 11, near the gene 
encoding IL-3. J Immunol. 1988; 141:3067–3071. [PubMed: 2902144] 

Fernandez-Botran R, Krammer PH, Diamantstein T, Uhr JW, Vitetta ES. B cell-stimulatory factor 1 
(BSF-1) promotes growth of helper T cell lines. J Exp Med. 1986; 164:580–593. [PubMed: 
2941517] 

Finkelman FD, Katona IM, Urban JF Jr, Snapper CM, Ohara J, Paul WE. Suppression of in vivo 
polyclonal IgE responses by monoclonal antibody to the lymphokine B-cell stimulatory factor 1. 
Proc Natl Acad Sci U S A. 1986; 83:9675–9678. [PubMed: 3491987] 

Grabstein K, Eisenman J, Mochizuki D, Shanebeck K, Conlon P, Hopp T, March C, Gillis S. 
Purification to homogeneity of B cell stimulating factor. A molecule that stimulates proliferation 
of multiple lymphokine-dependent cell lines. J Exp Med. 1986; 163:1405–1414. [PubMed: 
3086481] 

Guo L, Urban JF, Zhu J, Paul WE. Elevating calcium in Th2 cells activates multiple pathways to 
induce IL-4 transcription and mRNA stabilization. J Immunol. 2008; 181:3984–3993. [PubMed: 
18768853] 

Heredia JE, Mukundan L, Chen FM, Mueller AA, Deo RC, Locksley RM, Rando TA, Chawla A. Type 
2 innate signals stimulate fibro/adipogenic progenitors to facilitate muscle regeneration. Cell. 
2013; 153:376–388. [PubMed: 23582327] 

Hilton DJ, Zhang JG, Metcalf D, Alexander WS, Nicola NA, Willson TA. Cloning and 
characterization of a binding subunit of the interleukin 13 receptor that is also a component of the 
interleukin 4 receptor. Proc Natl Acad Sci U S A. 1996; 93:497–501. [PubMed: 8552669] 

Howard M, Farrar J, Hilfiker M, Johnson B, Takatsu K, Hamaoka T, Paul WE. Identification of a T 
cell-derived B cell growth factor distinct from interleukin 2. J Exp Med. 1982; 155:914–923. 
[PubMed: 6977612] 

Idzerda RL, March CJ, Mosley B, Lyman SD, Vanden Bos T, Gimpel SD, Din WS, Grabstein KH, 
Widmer MB, Park LS, Cosman D, Beckmann MP. Human interleukin 4 receptor confers 
biological responsiveness and defines a novel receptor superfamily. J Exp Med. 1990; 171:861–
873. [PubMed: 2307934] 

Isakson PC, Puré E, Vitetta ES, Krammer PH. T cell-derived B cell differentiation factor(s). Effect on 
the isotype switch of murine B cells. J Exp Med. 1982; 155:734–748. [PubMed: 7038025] 

Junttila IS, Mizukami K, Dickensheets H, Meier-Schellersheim M, Yamane H, Donnelly RP, Paul WE. 
Tuning sensitivity to IL-4 and IL-13: differential expression of IL-4Ralpha, IL-13Ralpha1, and 
gammac regulates relative cytokine sensitivity. J Exp Med. 2008; 205:2595–2608. [PubMed: 
18852293] 

Kaplan MH, Schindler U, Smiley ST, Grusby MJ. Stat6 is required for mediating responses to IL-4 
and for development of Th2 cells. Immunity. 1996; 4:313–319. [PubMed: 8624821] 

Keegan AD, Beckmann MP, Park LS, Paul WE. The IL-4 receptor: biochemical characterization of 
IL-4-binding molecules in a T cell line expressing large numbers of receptors. J Immunol. 1991; 
146:2272–2279. [PubMed: 2005396] 

Keegan AD, Nelms K, White M, Wang LM, Pierce JH, Paul WE. An IL-4 receptor region containing 
an insulin receptor motif is important for IL-4-mediated IRS-1 phosphorylation and cell growth. 
Cell. 1994; 76:811–820. [PubMed: 8124718] 

Kühn R, Rajewsky K, Müller W. Generation and analysis of interleukin-4 deficient mice. Science. 
1991; 254:707–710. [PubMed: 1948049] 

Paul Page 8

Cytokine. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LaPorte SL, Juo ZS, Vaclavikova J, Colf LA, Qi X, Heller NM, Keegan AD, Garcia KC. Molecular 
and structural basis of cytokine receptor pleiotropy in the interleukin-4/13 system. Cell. 2008; 
132:259–272. [PubMed: 18243101] 

Leadbetter EA, Rifkin IR, Hohlbaum AM, Beaudette BC, Shlomchik MJ, Marshak-Rothstein A. 
Chromatin-IgG complexes activate B cells by dual engagement of IgM and Toll-like receptors. 
Nature. 2002; 416:603–607. [PubMed: 11948342] 

Lee F, Yokota T, Otsuka T, Meyerson P, Villaret D, Coffman R, Mosmann T, Rennick D, Roehm N, 
Smith C. Isolation and characterization of a mouse interleukin cDNA clone that expresses B-cell 
stimulatory factor 1 activities and T-cell- and mast-cell-stimulating activities. Proc Natl Acad Sci 
U S A. 1986; 83:2061–2065. [PubMed: 3083412] 

Lee GR, Fields PE, Flavell RA. Regulation of IL-4 gene expression by distal regulatory elements and 
GATA-3 at the chromatin level. Immunity. 2001; 14:447–459. [PubMed: 11336690] 

Le Gros G, Ben-Sasson SZ, Seder R, Finkelman FD, Paul WE. Generation of interleukin 4 (IL- 4)-
producing cells in vivo and in vitro: IL-2 and IL-4 are required for in vitro generation of IL-4- 
producing cells. J Exp Med. 1990; 172:921–929. [PubMed: 2117636] 

Miloux B, Laurent P, Bonnin O, Lupker J, Caput D, Vita N, Ferrara P. Cloning of the human IL- 13R 
alpha1 chain and reconstitution with the IL4R alpha of a functional IL-4/IL-13 receptor complex. 
FEBS Lett. 1997; 401:163–166. [PubMed: 9013879] 

Moqbel R, Ying S, Barkans J, Newman TM, Kimmitt P, Wakelin M, Taborda-Barata L, Meng Q, 
Corrigan CJ, Durham SR, Kay AB. Identification of messenger RNA for IL-4 in human 
eosinophils with granule localization and release of the translated product. J Immunol. 1995; 
155:4939–4947. [PubMed: 7594499] 

Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, Furusawa J, Ohtani M, Fujii H, 
Koyasu S. Innate production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca- 1(+) 
lymphoid cells. Nature. 2010; 463:540–544. [PubMed: 20023630] 

Mosier DE, Zitron IM, Mond JJ, Ahmed A, Scher I, Paul WE. Surface immunoglobulin D as a 
functional receptor for a subclass of B lymphocytes. Immunol Rev. 1977; 37:89–104. [PubMed: 
338469] 

Mosmann TR, Bond MW, Coffman RL, Ohara J, Paul WE. T-cell and mast cell lines respond to B-cell 
stimulatory factor 1. Proc Natl Acad Sci U S A. 1986a; 83:5654–5658. [PubMed: 3090545] 

Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types of murine helper T 
cell clone. I. Definition according to profiles of lymphokine activities and secreted proteins. J 
Immunol. 1986b; 136:2348–2357. [PubMed: 2419430] 

Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, Bucks C, Kane CM, Fallon PG, 
Pannell R, Jolin HE, McKenzie AN. Nuocytes represent a new innate effector leukocyte that 
mediates type-2 immunity. Nature. 2010; 464:1367–1370. [PubMed: 20200518] 

Noben-Trauth N, Shultz LD, Brombacher F, Urban JF Jr, Gu H, Paul WE. An interleukin 4 (IL- 4)-
independent pathway for CD4+ T cell IL-4 production is revealed in IL-4 receptor-deficient mice. 
Proc Natl Acad Sci U S A. 1997; 94:10838–10843. [PubMed: 9380721] 

Noben-Trauth N, Hu-Li J, Paul WE. IL-4 secreted from individual naive CD4+ T cells acts in an 
autocrine manner to induce Th2 differentiation. Eur J Immunol. 2002; 32:1428–1433. [PubMed: 
11981831] 

Noguchi M, Yi H, Rosenblatt HM, Filipovich AH, Adelstein S, Modi WS, McBride OW, Leonard WJ. 
Interleukin-2 receptor gamma chain mutation results in X-linked severe combined 
immunodeficiency in humans. Cell. 1993; 73:147–157. [PubMed: 8462096] 

Noma, y; Sideras, P.; Naito, T.; Bergstedt-Lindquist, S.; Azuma, C.; Severinson, E.; Tanabe, T.; 
Kinashi, T.; Matsuda, F.; Yaoita, Y.; Honjo, T. Cloning of cDNA encoding the murine IgG1 
induction factor by a novel strategy using SP6 promoter. Nature. 1986; 319:640–646. [PubMed: 
3005865] 

Nonaka M, Nonaka R, Woolley K, Adelroth E, Miura K, Okhawara Y, Glibetic M, Nakano K, 
O'Byrne P, Dolovich J, Jordana M. Distinct immunohistochemical localization of IL-4 in human 
inflamed airway tissues. IL-4 is localized to eosinophils in vivo and is released by peripheral blood 
eosinophils. J Immunol. 1995; 155:3234–3244. [PubMed: 7673736] 

Paul Page 9

Cytokine. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ohara J, Paul WE. Production of a monoclonal antibody to and molecular characterization of Bcell 
stimulatory factor-1. Nature. 1985; 315(6017):333–336. [PubMed: 2582266] 

Ohara J, Paul WE. Receptors for B-cell stimulatory factor-1 expressed on cells of haematopoietic 
lineage. Nature. 1987a; 325:537–540. [PubMed: 3100961] 

Ohara J, Coligan JE, Zoon K, Maloy WL, Paul WE. High-efficiency purification and chemical 
characterization of B cell stimulatory factor-1/interleukin 4. J Immunol. 1987b; 139:1127–1134. 
[PubMed: 3497195] 

Pai SY, Truitt ML, Ho IC. GATA-3 deficiency abrogates the development and maintenance of T 
helper type 2 cells. Proc Natl Acad Sci U S A. 2004; 101:1993–1998. [PubMed: 14769923] 

Park LS, Friend D, Grabstein K, Urdal DL. Characterization of the high-affinity cell-surface receptor 
for murine B-cell-stimulating factor 1. Proc Natl Acad Sci U S A. 1987; 84:1669–1673. [PubMed: 
3494245] 

Parker DC. Stimulation of mouse lymphocytes by insoluble anti-mouse immunoglobulin. Nature. 
1975; 258:361. [PubMed: 1081652] 

Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J, Nordan RP, Paul WE. Mast cell lines produce 
lymphokines in response to cross-linkage of Fc epsilon RI or to calcium ionophores. Nature. 1989; 
339:64–67. [PubMed: 2469965] 

Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ, Locksley RM. Systemically 
dispersed innate IL-13-expressing cells in type 2 immunity. Proc Natl Acad Sci U S A. 2010; 
107:11489–11494. [PubMed: 20534524] 

Qiu Y, Nguyen KD, Odegaard JI, Cui X, Tian X, Locksley RM, Palmiter RD, Chawla A. Eosinophils 
and type 2 cytokine signaling in macrophages orchestrate development of functional beige fat. 
Cell. 2014; 157:1292–1308. [PubMed: 24906148] 

Rabin EM, Ohara J, Paul WE. B-cell stimulatory factor 1 activates resting B cells. Proc Natl Acad Sci 
U S A. 1985; 82:2935–2939. [PubMed: 3873071] 

Russell SM, Keegan AD, Harada N, Nakamura Y, Noguchi M, Leland P, Friedmann MC, Miyajima A, 
Puri RK, Paul WE, Leonard WJ. Interleukin-2 receptor gamma chain: a functional component of 
the interleukin-4 receptor. Science. 1993; 262:1880–1883. [PubMed: 8266078] 

Ryan JJ, McReynolds LJ, Keegan A, Wang LH, Garfein E, Rothman P, Nelms K, Paul WE. Growth 
and gene expression are predominantly controlled by distinct regions of the human IL-4 receptor. 
Immunity. 1996; 4:123–132. [PubMed: 8624803] 

Saenz SA, Siracusa MC, Perrigoue JG, Spencer SP, Urban JF Jr, Tocker JE, Budelsky AL, Kleinschek 
MA, Kastelein RA, Kambayashi T, Bhandoola A, Artis D. IL25 elicits a multipotent progenitor 
cell population that promotes T(H)2 cytokine responses. Nature. 2010; 464:1362–1366. [PubMed: 
20200520] 

Seder RA, Paul WE, Dvorak AM, Sharkis SJ, Kagey-Sobotka A, Niv Y, Finkelman FD, Barbieri SA, 
Galli SJ, Plaut M. Mouse splenic and bone marrow cell populations that express high-affinity Fc 
epsilon receptors and produce interleukin 4 are highly enriched in basophils. Proc Natl Acad Sci U 
S A. 1991; 88:2835–2839. [PubMed: 1826367] 

Shimoda K, van Deursen J, Sangster MY, Sarawar SR, Carson RT, Tripp RA, Chu C, Quelle FW, 
Nosaka T, Vignali DA, Doherty PC, Grosveld G, Paul WE, Ihle JN. Lack of IL-4-induced Th2 
response and IgE class switching in mice with disrupted Stat6 gene. Nature. 1996; 380:630–633. 
[PubMed: 8602264] 

Sideras P, Bergstedt-Lindqvist S, Severinson E. Partial biochemical characterization of IgG1-inducing 
factor. Eur J Immunol. 1985; 15:593–598. [PubMed: 3874072] 

Sieckmann DG, Asofsky R, Mosier DE, Zitron IM, Paul WE. Activation of mouse lymphocytes by 
anti-immunoglobulin. I. Parameters of the proliferative response. J Exp Med. 1978a; 147:814–829. 
[PubMed: 416168] 

Sieckmann DG, Scher I, Asofsky R, Mosier DE, Paul WE. Activation of mouse lymphocytes by anti-
immunoglobulin. II. A thymus-independent response by a mature subset of B lymphocytes. J Exp 
Med. 1978b; 148:1628–1643. [PubMed: 102729] 

Smirnov DV, Smirnova MG, Korobko VG, Frolova EI. Tandem arrangement of human genes for 
interleukin-4 and interleukin-13: Resemblance in their organization. Gene. 1995; 155:277–281. 
[PubMed: 7721105] 

Paul Page 10

Cytokine. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sutherland GR, Baker E, Callen DF, Hyland VJ, Wong G, Clark S, Jones SS, Eglinton LK, Shannon 
MF, Lopez AF, Vadas MA. Interleukin 4 is at 5q31 and interleukin 6 is at 7p15. Hum Genet. 
1988; 79:335–337. [PubMed: 3261707] 

Swain SL, Weinberg AD, English M, Huston G. IL-4 directs the development of Th2-like helper 
effectors. J Immunol. 1990; 145:3796–3806. [PubMed: 2147202] 

Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura S, Nakanishi K, Yoshida N, 
Kishimoto T, Akira S. Essential role of Stat6 in IL-4 signalling. Nature. 1996; 380:627–630. 
[PubMed: 8602263] 

Tanaka S, Motomura Y, Suzuki Y, Yagi R, Inoue H, Miyatake S, Kubo M. The enhancer HS2 
critically regulates GATA-3-mediated Il4 transcription in T(H)2 cells. Nat Immunol. 2011; 12:77–
85. [PubMed: 21131966] 

van Panhuys N, Tang SC, Prout M, Camberis M, Scarlett D, Roberts J, Hu-Li J, Paul WE, Le Gros G. 
In vivo studies fail to reveal a role for IL-4 or STAT6 signaling in Th2 lymphocyte differentiation. 
Proc Natl Acad Sci U S A. 2008; 105:12423–12428. [PubMed: 18719110] 

Vitetta ES, Ohara J, Myers CD, Layton JE, Krammer PH, Paul WE. Serological, biochemical, and 
functional identity of B cell-stimulatory factor 1 and B cell differentiation factor for IgG1. J Exp 
Med. 1985; 162:1726–1731. [PubMed: 3932582] 

Wang LM, Keegan AD, Paul WE, Heidaran MA, Gutkind JS, Pierce JH. IL-4 activates a distinct 
signal transduction cascade from IL-3 in factor-dependent myeloid cells. EMBO J. 1992; 11:4899–
4908. [PubMed: 1334461] 

Wang LM, Myers MG Jr, Sun XJ, Aaronson SA, White M, Pierce JH. IRS-1: essential for insulin- and 
IL-4-stimulated mitogenesis in hematopoietic cells. Science. 1993; 261:1591–1594. [PubMed: 
8372354] 

Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, Cui K, Kanno Y, Roh TY, Watford WT, Schones DE, 
Peng W, Sun HW, Paul WE, O'Shea JJ, Zhao K. Global mapping of H3K4me3 and H3K27me3 
reveals specificity and plasticity in lineage fate determination of differentiating CD4+ T cells. 
Immunity. 2009; 30:155–167. [PubMed: 19144320] 

Wei G, Abraham BJ, Yagi R, Jothi R, Cui K, Sharma S, Narlikar L, Northrup DL, Tang Q, Paul WE, 
Zhu J, Zhao K. Genome-wide analyses of transcription factor GATA3-mediated gene regulation in 
distinct T cell types. Immunity. 2011; 35:299–311. [PubMed: 21867929] 

Wenzel S, Ford L, Pearlman D, Spector S, Sher L, Skobieranda F, Wang L, Kirkesseli S, Rocklin R, 
Bock B, Hamilton J, Ming JE, Radin A, Stahl N, Yancopoulos GD, Graham N, Pirozzi G. 
Dupilumab in persistent asthma with elevated eosinophil levels. N Engl J Med. 2013; 368:2455–
2466. [PubMed: 23688323] 

Yamane H, Zhu J, Paul WE. Independent roles for IL-2 and GATA-3 in stimulating naive CD4+ T 
cells to generate a Th2-inducing cytokine environment. J Exp Med. 2005; 202:793–804. [PubMed: 
16172258] 

Yokota T, Otsuka T, Mosmann T, Banchereau J, DeFrance T, Blanchard D, De Vries JE, Lee F, Arai 
K. Isolation and characterization of a human interleukin cDNA clone, homologous to mouse B-
cell stimulatory factor 1, that expresses B-cell- and T-cell-stimulating activities. Proc Natl Acad 
Sci U S A. 1986; 83:5894–5898. [PubMed: 3016727] 

Yoshimoto T, Bendelac A, Watson C, Hu-Li J, Paul WE. Role of NK1.1+ T cells in a TH2 response 
and in immunoglobulin E production. Science. 1995; 270:1845–1847. [PubMed: 8525383] 

Zeng M, Hu Z, Shi X, Li X, Zhan X, Li XD, Wang J, Choi JH, Wang KW, Purrington T, Tang M, Fina 
M, DeBerardinis RJ, Moresco EM, Pedersen G, McInerney GM, Hedestam GB, Chen ZJ, Beutler 
B. MAVS, cGAS, and endogenous retroviruses in T-independent B cell responses. Science. 2014; 
346:1486–1492. [PubMed: 25525240] 

Zhang DH, Cohn L, Ray P, Bottomly K, Ray A. Transcription factor GATA-3 is differentially 
expressed in murine Th1 and Th2 cells and controls Th2-specific expression of the interleukin-5 
gene. J Biol Chem. 1997; 272:21597–21603. [PubMed: 9261181] 

Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and sufficient for Th2 cytokine 
gene expression in CD4 T cells. Cell. 1997; 89:587–596. [PubMed: 9160750] 

Zhu J, Guo L, Watson CJ, Hu-Li J, Paul WE. Stat6 is necessary and sufficient for IL-4's role in Th2 
differentiation and cell expansion. J Immunol. 2001; 166:7276–7281. [PubMed: 11390477] 

Paul Page 11

Cytokine. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zhu J, Cote-Sierra J, Guo L, Paul WE. Stat5 activation plays a critical role in Th2 differentiation. 
Immunity. 2003; 19:739–748. [PubMed: 14614860] 

Zhu J, Min B, Hu-Li J, Watson CJ, Grinberg A, Wang Q, Killeen N, Urban JF Jr, Guo L, Paul WE. 
Conditional deletion of Gata3 shows its essential function in T(H)1-T(H)2 responses. Nat 
Immunol. 2004; 5:1157–1165. [PubMed: 15475959] 

Paul Page 12

Cytokine. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


