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In this historical perspective, written in honor of Dr. William E. Paul, we describe the initial 
discovery of one of the dominant substrates for tyrosine phosphorylation stimulated 
by IL-4. We further describe how this “IL-4-induced phosphorylated substrate” (4PS) 
was characterized as a member of the insulin receptor substrate (IRS) family of large 
adaptor proteins that link IL-4 and insulin receptors to activation of the phosphatidyl- 
inositol 3′ kinase pathway as well as other downstream signaling pathways. The relative 
contribution of the 4PS/IRS pathway to the early models of IL-4-induced proliferation 
and suppression of apoptosis are compared to our more recent understanding of the 
complex interplay between positive and negative regulatory pathways emanating from 
members of the IRS family that impact allergic responses.
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FORwARD BY ACHSAH D. KeeGAN

Working with Dr. William E. Paul, known to all as “Bill,” was an honor and a privilege. It was also 
a lot of fun. In the early 1990s his laboratory was energized by studies of Th2 differentiation, the 
composition of the receptor for IL-4 (and later IL-13), and mechanisms of signal transduction. 
These studies included the identification and initial characterization of a major target for tyrosine 
phosphorylation in cells treated with IL-4, the focus of this perspective. As fellows, working with 
(not for) Bill was like being a kid in the proverbial candy shop; we were only limited by our imagina-
tion and ability to work hard. Bill’s enthusiasm for each project was infectious; he challenged all 
of us to think creatively and ask important questions. His scientific legacy is profound and time-
less. Fascination with IL-4 signaling, starting with work in Bill’s lab, continues today; co-authors  
Dr. Zamorano and Dr. Heller trained as postdoctoral fellows in my laboratory before starting their 
own programs, and Dr. Keselman is currently a fellow in Dr. Heller’s lab. The latest research is leading 
to new and increasingly complex paradigms on pathway regulation with implications for the treat-
ment of allergic diseases. And so on it goes.

AN iNTRODUCTiON TO 4PS AND THe iNSULiN ReCePTOR 
SUBSTRATe (iRS)

With the development of monoclonal antibodies capable of recognizing proteins phosphorylated on 
tyrosine (Y) residues, scientists were able to efficiently and consistently analyze patterns of tyrosine 
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FiGURe 1 | Time line of 4PS discovery and characterization. Major milestone discoveries are ordered and summarized based on the year(s) of their publication.
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phosphorylation induced by a variety of growth factors and 
cytokines (Figure 1) (1–4). Early studies performed in collabora-
tion with Dr. Jacalyn Pierce and Dr. Ling-Mei Wang showed that 
IL-4 treatment of the mouse myeloid factor-dependent cell line 
(FDC)-P2 stimulated the highly robust tyrosine phosphoryla-
tion of a large molecular weight protein (~180,000 Da), visible 
in anti-phosphotyrosine western blots of anti-phosphotyrosine 
precipitates, while stimulation with IL-3 failed to do so (5). 
We  initially termed this protein IL-4-induced phosphorylated 
substrate or “4PS.” This phospho-protein was shown to associate 
with the p85 regulatory subunit of phosphatidyl-inositol (PI)  
3′ kinase and with PI 3′ kinase enzyme activity.

Groups interested in the signaling pathways activated by insu-
lin, including Dr. Kahn and Dr. White, had reported that insulin 
treatment of responsive cells led to the robust tyrosine phospho-
rylation of a large molecular weight protein (~185,000 Da) they 
termed insulin receptor substrate or “IRS” (6, 7). Intrigued by the 
similarity to 4PS, we directly compared the effects of IL-4 and 
insulin on tyrosine phosphorylation in FDC-P2 cells (8). Both 
induced the tyrosine phosphorylation of a protein with similar 
mobility on SDS-PAGE gels that was capable of interacting with 
the p85 regulatory subunit of PI 3′ kinase. Subsequent analysis of 
the phosphoproteins by V8 protease digestion revealed that the 
IL-4-induced tyrosine-phosphorylated substrate was similar to 
that phosphorylated in response to insulin and IGF-I suggesting 
that 4PS was related to IRS (8).

Dr. White’s group cloned the cDNA for IRS from rat liver, 
and it was termed IRS1 (9). The IL-3-dependent murine cell line, 
32D, expressing IRS1 as a result of transfection, was generated in  
Dr. Pierce’s lab and used to show unequivocally that both IL-4 
and insulin stimulated the tyrosine phosphorylation of IRS1 (10). 
This  pathway was essential for the ability of IL-4 to stimulate 
32D cell proliferation, and thus the concept that the 4PS/IRS 
pathway is required for proliferative responses was initiated. In 
later studies, it was observed that IL-13 also induced the tyrosine 
phosphorylation of 4PS (11) (Figure  2A); the potency of 4PS 
phosphorylation correlated with the proliferative response in 
human TF-1 cells (Figure 2B).

With the molecular characterization of IRS1 and development 
of IRS1-specific antibodies, it became clear that the 4PS protein 
observed in FDC-P2 cells was not IRS1 (8, 9). Polyclonal anti-IRS1 
anti-serum weakly recognized 4PS in FDC lines, while two highly 
specific anti-IRS1 peptide antibodies were unable to precipitate 
4PS. Thus, protein sequence for 4PS was obtained from anti-p85 
precipitates of insulin-treated FDC-P2 cells (12). The sequence 
was used to generate probes to screen a cDNA library generated 
from FDC-P2 cells and obtain sequence for 4PS in 1995. 4PS was 
renamed IRS2 due to its similarity to IRS1 (12).

It is now known that IRS1 and IRS2 are members of a family of 
large adaptor proteins that participate in insulin, IGF-1, and IL-4 
and IL-13 signaling (13). A variety of other growth factors and 
cytokines have also been shown to stimulate the phosphorylation 
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FiGURe 2 | Induction of 4PS and cell proliferation by IL-4 and IL-13.  
(A) Human U937 and TF-1 cells were deprived of serum and growth factors 
for 2 h before treatment with human IL-4 (10 ng/ml), human IL-13  
(250 ng/ml), or insulin (40 µg/ml) as indicated. Cell lysates were prepared 
and immunoprecipitated with the anti-phosphotyrosine antibody 4G10 
followed by immunoblotting with 4G10. (B) TF-1 cells were incubated with 
the indicated doses of human IL-4 and human IL-13 for a total of 48 h. Cells 
were treated for the last 4 h of culture with [3H]thymidine. Reprinted under 
copyright (1995) National Academy of Sciences, U.S.A. Keegan et al. (11).
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of these signaling substrates (14). Both IRS1 and IRS2 can be 
tyrosine phosphorylated in response to IL-4 while other family 
members (including IRS3 or IRS4) do not appear to participate. 
Whether IRS1 or IRS2 or both are tyrosine phosphorylated after 
IL-4 stimulation depends on the cellular expression of each pro-
tein (15). Studies in 32D cells, which express neither IRS protein, 
revealed a positive contribution of either IRS1 or IRS2 to the 
IL-4-induced proliferative response (10). It was initially thought 
that IRS1 was predominantly expressed in non-hematopoietic 
cells, while IRS2 was highly expressed in cells of hematopoietic 
origin. However, there are exceptions to this paradigm, especially 
in epithelial cancers such as breast cancer (16). Furthermore, 
myeloid cells can express IRS1 with important functional activity 
as we discuss below (17). It is now appreciated that many cell 
types can express both family members, with differences in rela-
tive abundance that may be regulated (18).

Both IRS1 and IRS2 contain conserved amino terminal plexin 
homology domains and protein tyrosine binding (PTB) domains 
that bring these adaptors to the inner leaflet of the plasma mem-
brane (19, 20) and interact with tyrosine-based target motifs (21), 
respectively. Both adaptors contain multiple tyrosines that have 
the potential to become phosphorylated, explaining their domi-
nant representation in anti-phosphotyrosine immunoprecipitates. 
Three groups demonstrated that the Janus kinase (JAK) interacting 
with the cytoplasmic tail of the IL-4Rα chain, JAK1, is required for 
IL-4-induced tyrosine phosphorylation of IRS proteins (22–24). 
In collaboration with John O’Shea, we showed that IL-4 treatment 
lead to the activation of JAK3, while IL-13 treatment did not (11). 
IL-13 was shown to activate Tyk2 or in some cases JAK2 (25, 26). 
Both stimulated tyrosine phosphorylation of IRS2 (11).

Once phosphorylated, the tyrosine residues provide docking 
sites for SH2-domain-containing signaling molecules, such as the 

p85 subunit of PI 3′ kinase and the small protein adapter Grb2 
(27). There are three tyrosines that act as p85 binding sites in IRS1 
and two in IRS2 in the classic YXXM motif (13, 28). Binding of 
p85 to IRS proteins leads to activation of PI 3′ kinase activity and 
the subsequent activation of downstream signaling cascades such 
as the Akt pathway. The functional importance of the recruitment 
of the Grb2 adaptor is still unknown (27). Many other adaptor 
proteins have also been shown to associate with IRS1 or IRS2 
including SHP-2 (also known as Syp, SH-PTP2) (29), PLC-γ (30), 
and SOCS proteins (31, 32), negative regulators of IL-4 signaling.

In addition to sites for tyrosine phosphorylation, both IRS1 
and IRS2 have numerous potential sites for serine and threonine 
phosphorylation; several of these sites are unique to IRS1 and act 
as important modulators of functions as will be discussed in more 
detail in a later section (33). While well known as cytoplasmic 
adaptor proteins, IRS1 and IRS2 are not confined to the cytoplasm. 
Both can also translocate to the nucleus under certain conditions 
(viral/cellular transformation) and contribute to transcriptional 
activation or inhibition of particular genes (34–37).

ReCRUiTMeNT TO THe iL-4 ReCePTOR 
COMPLeX: weLCOMe TO THe iNSULiN/
iL-4 ReCePTOR (i4R) MOTiF

In order to understand the mechanism by which IL-4 stimulated 
the tyrosine phosphorylation of 4PS/IRS and cellular prolif-
eration, a series of deletion, mutagenesis, and pull-down studies 
were performed in Bill’s lab in collaboration with Dr. Keats Nelms 
(38). The amino acids in the cytoplasmic tail of the IL-4Rα chain 
responsible for 4PS/IRS binding to the human IL-4 receptor were 
identified between amino acids 437 and 557. Furthermore, this 
sequence interval was necessary for IL-4 to stimulate proliferation 
of 32D-IRS1 cells. Within this interval, we identified a sequence 
motif homologous to sites within the insulin and IGF-I recep-
tors previously shown to bind IRS1. We named this consensus 
motif [488PL-(X)4-NPXYXSXSD502] the insulin and IL-4 Receptor 
(I4R) motif. The central tyrosine is critical for association of IRS 
proteins with the I4R motif of the IL-4Rα and for proliferation of 
transfected 32D-IRS1 cells (38, 39). The PTB domains of IRS1/2 
recognize the core NPXY sequence when phosphorylated with 
influence of the amino acid residues in the −9, −8, and −7 (rela-
tive to the Y residue) positions (21, 39).

The importance of the I4R motif in dictating IL-4 receptor 
signaling was confirmed using domain transplant approaches 
(40). We generated chimeric receptors using a truncated IL-2 
receptor β chain fused to the IL-4Rα domain containing the I4R 
motif (aa437–557) in wild type form or with the central Y residue 
mutated to F. Only chimeric receptors containing a wild-type I4R 
motif were able to mediate the tyrosine phosphorylation of IRS1 
in response to IL-2.

As the IRS pathway was being characterized, contemporane-
ous work from several groups were on the trail of another protein 
tyrosine phosphorylated in response to IL-4 (41–44). This protein 
was identified as a member of the new (at the time) family of 
signal transducers and activators of transcription (STAT), and 
termed STAT6. The tyrosine phosphorylation of STAT6 induced 
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FiGURe 3 | IL-4 and IL-13 receptors. A functional IL-4 receptor is composed 
of two transmembrane proteins. The IL-4Rα chain binds IL-4 with high 
affinity, leading to dimerization with the common gamma chain (γc) to form 
the Type I, IL-4 exclusive receptor complex or with the IL-13Rα1, to form the 
Type II IL-4 receptor complex. IL-13 binds to IL-13Rα1 with lower affinity, 
followed by heterodimerization with IL-4Rα to form the IL-13 Type II receptor 
complex. Following ligand binding and subunit heterodimerization, 
receptor-associated Janus Kinases (JAKs) become activated and 
phosphorylate any of the five highly conserved tyrosine residues  
found in the cytoplasmic tail of the IL-4Rα chain.
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by IL-4 leads to its ability to bind to STAT-palindrome sequences 
found in the promoters of IL-4 responsive genes such as CD23 
and regulate gene transcription. While working in Bill’s lab, John 
Ryan showed that STAT6 was recruited to the IL-4Rα by any 
one of the three distinct amino acid motifs with the consensus 
sequence of GYKxF (45). Indeed, mutating the Y in these IL-4Rα 
sequences to F substantially diminished STAT6 phosphorylation 
in response to IL-4 and suppressed the majority of IL-4-induced 
responses. These STAT6 docking motifs were independent of 
the I4R motif. Thus, at the initial steps of signaling transduction, 
activation of the IRS and STAT6 pathways are independent of 
each other. Taken together, the published studies of the 1990s led 
to the conclusion that there were two major signal transduction 
pathways activated by IL-4. Models of the day showed that the 
STAT6 pathway regulated gene expression while the IRS pathway 
regulated cell proliferation (46–51). Later studies called this 
dichotomy into question as most IL-4-induced functions are 
greatly diminished or abrogated in STAT6-deficient mice (52–57).

CONTRiBUTiON OF iRS PROTeiNS TO 
CeLL SURvivAL

The ability of IL-4 to regulate the survival of cells is one of 
the important and most investigated activity of this cytokine. 
Soon after its characterization, IL-4 was found to exert potent 
anti-apoptotic activity, preventing the apoptosis of multiple cell 
types under different pro-apoptotic signals (58). The molecular 
mechanisms that signal regulation of apoptosis by IL-4 have been 
widely studied. These studies established that IL-4 can signal vari-
ous intracellular pathways able to regulate apoptosis. Among, the 
molecular machinery involved in this process, the IRS proteins 
were found to play an important active role in the regulation of 
apoptosis by IL-4 (59).

As noted above, early studies performed in cell lines lacking 
IRS proteins demonstrated that the IL-4-induced cell prolifera-
tion was dependent on these proteins (10). Similarly, later studies 
performed in these cells also demonstrated a principal role of IRS 
proteins in the protection of apoptosis by IL-4. Thus, we showed 
that expression of IRS1 in 32D cells enhanced the ability of IL-4 
to protect them from apoptosis after IL-3 withdrawal (59). This 
observation was further supported by the fact that IL-4 was not 
able to prevent cell death in cells expressing the Y497F mutation 
within the I4R motif of the IL-4Rα. This mutation abrogated 
the ability of IL-4 to induce IRS proteins phosphorylation. The 
importance of the I4R motif in regulating apoptosis was also 
observed in chimeric receptors consisting of a truncated form 
of the IL-2 receptor, unable to signal protection from apoptosis, 
and different fragments of the IL-4Rα (60). Transplantation of 
the IL-4Rα domain containing the I4R motif to the truncated 
IL-2 receptor transferred the ability to activate IRS proteins and 
to signal protection from apoptosis. This was abrogated again by 
the mutation Y497F within the I4R motif. These studies demon-
strated the importance of the I4R motif of the IL-4Rα and the 
IRS proteins in the regulation of apoptosis by IL-4. In spite of 
these observations, the regulation of apoptosis by IL-4 seems to 
be more complex. IL-4 can activate IRS-independent pathways, 
including STAT6, to prevent cell death since IL-4 could protect 

from apoptosis cells lacking IRS proteins, though less effectively 
that in cells expressing them (59–63).

The IL-13 receptor complex also contains the IL-4Rα (Figure 3), 
sharing, therefore, intracellular molecular pathways and biological 
functions with IL-4 including protection from apoptosis. However, 
the role of IRS proteins in IL-13 signaling protection from apoptosis 
has not been extensively investigated. Like IL-4, IL-13 is also able 
to signal IRS phosphorylation (11). However, the phosphorylation 
of IRS2 induced by IL-13 is much weaker than by IL-4 (64). This 
observation could help to explain the differential described effect 
of IL-4 and IL-13 in apoptosis. Thus, IL-13 could reduce apoptosis 
in peripheral B cells although it was less potent than IL-4 (65). 
Both cytokines appear to activate common pathways since their 
effect was not additive. It may be possible that they converge on 
IRS2 as it has been proposed that IL-13 prevents pancreatic beta 
cells from apoptosis through IRS2 signaling (66).

The ability of IRS proteins to signal protection from apoptosis 
is not restricted to IL-4. A number of studies have shown that 
insulin and IGF-1 promoted pancreatic beta cell development 
and survival through IRS2 signaling (67). It was observed that 
disruption of IRS2 produced diabetes in mice by affecting devel-
opment and survival of beta cells (68). By contrast, overexpres-
sion of IRS2 could improve beta cell function by protecting them 
from apoptosis induced by D-glucose (69). Disruption of IRS2 
has been demonstrated to impair peripheral insulin signaling 
promoting insulin resistance in liver and skeletal muscle (68).

The effects of the IRS adaptors in preventing cell death can 
be extended to other cell types including hepatic, muscular, or 
neuronal cells. IRS2 is the main effector of insulin in the liver. 
IRS2 signaling has been found necessary to mediate the survival 
effect of insulin in neonatal hepatocytes. In this case, insulin 
rescue of hepatocytes from apoptosis was aborted in cells lacking 
IRS2 (70). The introduction of IRS2 in these cells reconstituted 
the ability of insulin to prevent cell death. IRS2 is overexpressed 
in human and murine hepatocellular carcinoma, resulting in 
protection from apoptosis. In these cells, downregulation of IRS2 
increased apoptosis (70, 71).
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Given their ability to signal protection from apoptosis, it is 
not surprising that IRS proteins contribute to cancer develop-
ment and progression. Numerous studies have implicated IRS 
proteins in the progression of several tumors including breast, 
colorectal, prostatic, hepatic, or gastric cancers (37, 72–80). It has 
been proposed that IRS proteins may play an important role in 
breast cancer by differentially regulating cell survival, prolifera-
tion, and motility (75, 81). Increased IRS1 abundance has been 
associated with breast cancer cell proliferation (16). Increased 
IRS1 expression has been reported in primary estrogen receptor 
α (ERα) + breast tumors and localized breast ductal carcinoma 
in situ (37, 82). Interestingly, IRS1 interacts with ERα, and in the 
nucleus regulates ERα transcription (34, 36, 83–85). Furthermore, 
estrogen regulates expression of IRS1, thus providing a positive 
regulatory pathway between estrogen and the IRS1 adaptor 
(86). In keeping with this relationship, low IRS1 expression was 
observed in poorly differentiated ERα-tumors (37). On the other 
hand, IRS2 expression is regulated by progesterone and is associ-
ated with metastasis (81, 87, 88). The expression of IRS2 was low 
in ductal carcinoma in  situ but much increased in high grade 
invasive human breast tumors (37). Using mouse models of breast 
cancer, it was shown that overexpressing IRS2 lead to mammary 
hyperplasia, tumorigenesis, and metastasis (74). By contrast, 
IRS2-deficient mammary tumor cells were less invasive and 
more apoptotic than cells expressing IRS2 (89, 90). Interestingly, 
increased expression of IRS1, but not IRS2, may favor anticancer 
therapies. IRS1 expression sensitized MCF-7 cells to breast cancer 
chemotherapeutic agents, likely by affecting Annexin-2 cellular 
distribution (37). Similar findings were also observed in 32D 
myeloid cells (91). In these cells, overexpression of IRS1, but 
not IRS2, also enhanced their sensitivity to chemotherapy by 
enhancing Annexin-A2 expression. Surprisingly, coexpression 
of IRS2 suppressed sensitization of chemotherapy by IRS1, and 
altered the subcellular localization of IRS1 and Annexin-A2 
from primarily cytoplasmic to primarily nuclear. These findings 
suggest that analysis of the relative expression of IRS proteins 
may be used to predict breast cancer progression and response to 
chemotherapy. In this regard, other authors have proposed that 
IRS-specific gene expression profiles could predict the response 
to anti-IGF therapy in breast cancer (76).

A recent meta-analysis indicates that the IRS2 rs1805097 
polymorphism can be associated with the risk of developing 
colorectal cancer (77). The same polymorphism has been 
associated with susceptibility to gastric cancer (78). In prostate, 
it has been reported that the IRS2/IRS1 ratio was higher in 
malignant compared with benign prostate tissues (79). IRS2 
was also found overexpressed in human and mouse hepatocel-
lular carcinoma cells, and down regulation of IRS2 expression 
increased apoptosis in these cells, suggesting that IRS2 can 
contribute to liver tumors (71). Furthermore, it was shown that 
IRS2 contributes to increased viability and reduced apoptosis 
in myeloid cancers harboring the activating mutation of JAK2 
(JAK2V61F) by interacting with the mutant JAK2, suggesting 
that IRS2 can be a target to control this disease (80). These 
authors proposed that pharmacological inhibition of IRS2 may 
be useful to complement anticancer therapies by increasing 
apoptosis in tumor cells.

The phosphorylation of IRS proteins leads to the interaction 
with several signaling proteins. Among them, the PI-3′ kinase 
has been shown to play an important role in transmitting anti-
apoptotic signals downstream of IRS2. The p85 subunit of the 
PI-3′ kinase coprecipitates with IRS2 and specific inhibitors of 
PI-3′ kinase blocked the protection from apoptosis by IL-4 on 
B  cells (61). Similarly, the expression of dominant inhibitory 
forms of PI-3′ kinase abrogated the anti-apoptotic effect of IL-4 
on B  cells (92). Other intracellular proteins including Akt and 
p70S6K have been found to act downstream of IRS proteins/PI-3′ 
kinase in signaling protection from apoptosis (70, 93). It has also 
been found that insulin and IGF-1 can prevent apoptosis by an 
IRS2-dependent pathway that requires PI-3′ kinase and Akt (70). 
IRS proteins have also been reported to signal protection from 
apoptosis by PI-3′ kinase-independent pathways (94). Thus, the 
expression of IRS1, but not IRS2, protected a T cell hybridoma 
from activation-induced cell death (AICD) by a mechanism 
independent of PI-3′ kinase (94). In this case, pharmacologic 
inhibition of PI-3′ kinase did not abrogate the resistance of cells 
expressing IRS1 to AICD. In fact, the protection from apoptosis 
was independent of tyrosine phosphorylation and association of 
IRS1 with PI-3′ kinase. The authors suggested that the protection 
was mediated through serine residues present in IRS1 but not 
in IRS2. The molecular pathways activated through IRS proteins 
can lead to the inhibition of caspase activity (72, 73). Thus, the 
overexpression of IRS1 and IRS2 in neuroblastoma cells can 
prevent the insulin-dependent activation of caspase-3 by a PI-3′ 
kinase-dependent pathway (73). In the absence of IRS2, hepato-
cytes experience high rate of apoptosis after serum withdrawal by 
a mechanism involving capasase-3. Restoration of IRS2 in these 
cells reduced apoptosis by decreasing caspase-3 activity through 
a PI-3-K/Akt signaling pathway (70). In T cell hybridomas, IRS1 
expression protected from apoptosis by delaying and decreasing 
functional FAS ligand expression after TCR engagement (94).

The fact that the IRS proteins, especially IRS2, play an 
important role in protection from apoptosis by several cytokines 
and growth factors make them potential therapeutic targets to 
treat several diseases. This can be useful in designing treatment 
strategies for certain cancers as mentioned above but also for 
inflammatory diseases and diabetes in which IL-4 and insulin 
play an important role. Several strategies to increase expression 
of IRS2 with pharmacologic agents are being explored to enhance 
pancreatic β-cell and endothelial cell survival in the context of 
Type II diabetes (18, 95). However, our current understanding of 
the relative roles of IRS1 and IRS2 in mediating and modulating 
allergic diseases is quite limited.

DiFFeReNTiAL ROLeS OF iRS2 iN  
iL-4- veRSUS iL-13-iNDUCeD 
ALLeRGiC ReSPONSeS

iL-4 versus iL-13—why?
In early days, it was thought that IL-4 and IL-13 elicited identi-
cal signaling pathways (51), since they share receptor com-
plexes (Figure  3). The Type I and Type II receptors consist of 
IL-4Rα/gamma chain (γc) and IL-4Rα/IL-13Rα1 heterodimers, 
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respectively (96). IL-4 binds with high affinity to the IL-4Rα 
inducing interaction with the γc to form a ternary complex 
termed the Type I receptor (Figure  3). Alternatively, the IL-4/
IL-4Rα complex can interact with the IL-13Rα1 to form the Type 
II receptor complex. IL-13 does not bind directly to the IL-4Rα; 
however, its binding to the IL-13Rα1 stimulates interaction with 
the IL-4Rα to form a Type II receptor complex containing IL-13 
instead of IL-4 (Figure 3). It is now appreciated that these three 
different ternary complexes activate signaling pathways that are 
similar but not identical to each other.

Since IL-4 has a higher affinity for initial binding to its 
cognate binding chain, IL-4Rα, than IL-13 has for binding to 
IL-13Rα1, IL-4 tends to elicit STAT6 phosphorylation at lower 
concentrations than IL-13 (96). However, comparisons of IL-4- 
and IL-13-elicited responses in  vitro demonstrated differential 
biological activity on dendritic cells and macrophages (97–100). 
Furthermore, examination of effector functions during allergic 
responses in mice suggested that each cytokine controlled a 
different aspect of the inflammatory response. Several groups 
reported differences in Th2 inflammatory responses in allergic 
lung inflammation and worm infection models using the IL-4 and 
IL-13 knockout and transgenic mice (101–105). IL-4 and IL-13 
were ascribed different roles in the initiation and effector phases, 
respectively, of allergic lung inflammation in mouse  models. 
Only IL-4 was able to polarize T-cells to the Th2-phenotype as 
demonstrated by studies in IL-4-deficient (57, 101, 106) and in 
IL-13Rα1-deficient mice (107). This inability of IL-13 to induce 
Th2 polarization is easily explained by a lack of surface IL-13Rα1 
expression on mouse T-cells (108, 109). The result of much 
research concluded that IL-4/Type I signaling elicits some of 
the characteristic features of allergic lung inflammation, such as 
eosinophilia, but that IL-13/IL-13Rα1 is required for the effector 
responses in the airways including airway hyperreactivity and 
mucus production (103–105, 107, 110).

The expression of genes characteristic of alternatively acti-
vated “M2” macrophages also demonstrated differential depend-
ence on Type I versus Type II signaling in vivo. The M2 genes, 
ArgI and Chia, required IL-13Rα1 (Type II receptor signaling) 
in response to OVA challenge and intratracheal instillation of 
IL-13 (110). When IL-4 was intratracheally instilled into the 
IL-13Rα1-deficient animals, induction of ArgI, Retnla, and MglI 
was maintained, demonstrating that M2 responses are independ-
ent of Type II signaling in vivo. We also showed that M2 responses 
are maintained in mice lacking γc, when Th2 effectors are pro-
vided exogenously, establishing that either the Type I or Type II 
receptors expressed on macrophages are sufficient to drive M2 
responses during allergic responses in vivo (111). Interestingly, 
Rothenberg et  al. also showed that IL-13Rα1 was required for 
TGF-β production in response to aeroallergen challenge with 
Aspergillus or house dust mite (112). In a model of N. brasiliensis 
infection, the production of Th2 cytokines was measured in 
leukocytes elicited by allergic inflammation (113). Th2 cells 
produced both IL-4 and IL-13 in the lungs but only produced 
IL-4 in the lymph nodes of infected mice. Furthermore, ILC2s 
and basophils were major sources of IL-13, but not IL-4, in the 
infected lung. Although these papers described the differential 
production of and dependence on IL-4 and IL-13 in many of the 

phenotypic endpoints of Th2-mediated inflammation to allergen 
challenge or worm infection, few if any described the upstream 
signaling differences elicited by the two cytokines.

These complex modes of IL-4 and IL-13 action have great 
implications in the design of effective allergy therapies (114). 
Early attempts to suppress allergic responses in humans using a 
soluble form of IL-4Rα to specifically inhibit IL-4 action (it does 
not inhibit IL-13) did not meet clinical endpoints likely because 
IL-13-induced responses were not suppressed, and in addition 
to positive signaling pathways, IL-4 also stimulates regulatory 
responses that could limit inflammation, such as the suppression 
of TNFα production (115). Thus, it is necessary to understand 
the different signaling responses and downstream effects of these 
two cytokines to rationally design inhibitors of the IL-4- and/or 
IL-13-induced responses that could be used as therapeutics for 
asthma and allergies.

The regulation of the IRS2 pathway downstream of IL-4 
signaling was described using RNAi-mediated knockdown of 
regulators of the TORC pathway (116). Warren et  al. demon-
strated that p70S6K and GRB10 were TORC1-activated negative 
feedback regulators of IRS2 activity (Figure 4). P70S6K regulated 
IL-4-induced IRS2 tyrosine phosphorylation by serine phospho-
rylating IRS-2. GRB10 interacted with IRS2 and with NEDD4.2 
and reduced the amount of phosphorylated IRS2, likely by target-
ing it to the proteasome for degradation. Mice lacking TSC1/2, 
and the TORC1- and 2-specific proteins, Raptor and Rictor, 
have also been instrumental in revealing the TORC-mediated 
negative regulation of the IRS2 pathway (117, 118). Macrophages 
from Tsc1 knockout mice have increased TORC1 activity, lead-
ing to diminished Akt phosphorylation of Ser473, as might be 
expected when removing a negative regulator. The decrease 
in this surrogate measure of Akt activity resulted in decreased 
polarization to the M2 program in the macrophages. In terms 
of the role of the two TORC complexes in regulating the IL-4/
IRS/Akt pathway and M2 macrophage polarization, macrophages 
from Rictor-deficient animals showed diminished Akt Ser 473, 
NDRG, and FoxO phosphorylation (117, 119, 120). Downstream, 
M2 polarization was either decreased (119, 120) or unchanged 
(117). When the TORC1 complex is inhibited with rapamycin, 
human monocyte-derived macrophages that are polarized to 
the M2 phenotype undergo apoptosis but not cells polarized to 
the M1 phenotype (121). Expression of M2 surface markers and 
other genes was reduced. We also observed a reduction in some 
but not all IL-4-stimulated M2 genes in a human monocytic cell 
line following rapamycin treatment (116).

iL-4 versus iL-13 Signaling Differences: 
iRS2
The signaling events initiated by IL-4 or IL-13 binding to their 
cognate receptors have largely been identified through the use of 
genetically altered cell lines. As discussed above, the differences 
in signaling between the IL-4 and IL-13 begin with the activation 
of different Janus family kinases (11, 24, 49, 122). The IL-4Rα 
associates with JAK1. The γc subunit associates with JAK3, and 
the IL-13Rα1 subunit associates with Tyk2 or in some cases JAK2 
(Figure  3). Both receptor complexes activate STAT6 through 
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recruitment to the IL-4Rα docking sites and tyrosine phospho-
rylation by the JAKs (45). Comparisons of IL-4- or IL-13-induced 
STAT6 phosphorylation in Ramos and A459 cells, which express 
either only the Type I or Type II receptor complexes, respectively, 
have revealed interesting differences in potency and kinetics (96). 
IL-4 stimulated the tyrosine phosphorylation of STAT6 faster 
and at lower concentrations than IL-13 in all cases, even in the 
absence of γc where IL-4-Type II and IL-13-Type II complexes 
could be compared head-to-head. Furthermore, consistent with 
historic studies on the exquisite sensitivity of B-cells to IL-4 
(123–125), Ramos cells, expressing Type I receptors, exhibited 
rapid and robust STAT6 phosphorylation at low concentrations 
of IL-4 that was far superior to responses elicited in A549 cells 
(Type II receptor complex) (96). This differential responsiveness 
could be influenced by the relative density of the receptor chains 
(IL-4Rα, γc, and IL-13Rα1) and by site-directed mutagenesis of 
the cytokines themselves (126).

While we identified differences in potency and kinetics of 
STAT6 activation among the three ternary complexes, the degree 
of STAT6 phosphorylation could ultimately reach equality (64). 
However, we observed differences in activation of the IRS2 
pathway that are more persistent. Comparing two monocytic 
cell lines, Type I and II receptor expressing U937s and Type II 
receptor expressing THP-1 cells, Heller et al. showed that robust 
tyrosine phosphorylation of IRS2 was dependent on the γc (64). 
Furthermore, bone marrow-derived macrophages (BMMs) 

lacking the γc exhibited diminished phosphorylation of IRS2 
when stimulated with IL-4 while STAT6 phosphorylation was 
unaffected. Consistently, the Type II receptor is much less effi-
cient at activating the IRS2 pathway even at high concentrations 
of cytokines that stimulate equivalent phosphorylation of STAT6.

To understand why IL-4 activates the IRS2 pathway more 
potently than IL-13, we dissected the role of the Type I and Type 
II IL-4 receptor complexes in triggering signaling. Since the 
IL-4Rα chain is shared between both complexes, we used human 
cells deficient in the γc subunit or macrophages from γc-deficient 
mice, as well as transfected cells expressing chimeric receptor 
subunits, to determine the role of the γc and IL-13Rα1 in initiat-
ing IRS2 signaling (64, 127). The presence of the γc subunit was 
critical for full activation of IRS2 signaling in response to IL-4 
(64). However, to our surprise, it was the extracellular and trans-
membrane portions of the γc subunit that determined activation 
of the IRS2 pathway, rather than the cytoplasmic region of the 
γc subunit (127). We speculate that the extracellular and trans-
membrane regions assumed an IL-4-specific conformation that 
is transmitted to the associated JAKs, resulting in optimal IRS2 
activation. Further research is needed to completely understand 
this aspect of IL-4 versus IL-13 signaling.

Once phosphorylated, IRS2 is able to associate with Grb2 and 
the p85 subunit of PI 3′ kinase and thereby initiates additional 
signaling pathways (27). We found that IL-4-activated IRS2 copre-
cipitates with Grb2 via a Type I receptor-dependent pathway (64). 
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IL-13, while able to induce the tyrosine phosphorylation of IRS2, 
albeit reduced, did not stimulate the coprecipitation of IRS2 with 
Grb2. These results suggest that the Type I and Type II receptor 
complexes differentially stimulate the IRS2/Grb2 pathway. The 
significance of this difference is still unclear. To date, binding 
partners of the IRS2/Grb2 complex in the setting of IL-4 signal-
ing have not been identified. Classical pathways downstream 
of Grb2 in the setting of insulin or IGF treatment such as the 
RAS-MAPK pathway are typically not activated by IL-4 (27, 64). 
Characterization of this arm of the IL-4 activated IRS2 pathway 
and it biological significance will require further investigation.

Activation of PI 3′ kinase through the IRS2 adaptor triggers the 
Akt pathway, independently of STAT6. This signal then activates 
the TORC1 pathway and increases the activity of downstream 
serine threonine kinases. Akt activation leads to the progressive 
degradation of TSC1/2, molecules which inhibit TORC1 and 
TORC2 activity (117). Enhanced TORC1 then activates GRB10 
and p70 S6K. In addition to stimulating positive pathways, 
TORC1 induces a negative feedback loop which in the insulin 
signaling pathway leads to serine phosphorylation of IRS1 and 
reduced insulin receptor signaling (33, 128). In studies by Warren 
et al., it was shown that the IL-4-activated Akt/TORC1 pathway 
induced the serine phosphorylation of IRS2, with a decline in 
tyrosine-phosphorylated IRS2, indicating a reciprocal relation-
ship between the two posttranslational modifications. Serine 
phosphorylation of IRS2 by p70S6K and association with GRB10 
and NEDD4.2 negatively regulated IRS activity likely by target-
ing it for proteosomal degradation (116). Macrophages lacking 
TSC1 have low expression of IRS2 and fail to activate the Akt 
pathway when stimulated with IL-4 (117, 118). This supports the 
finding that TORC1 activity downmodulates IRS2 expression. 
SOCS1, induced during IL-4 signaling, also facilitates the ubiq-
uitination and degradation of tyrosine-phosphorylated IRS2 to 
negatively regulate IRS2 signaling (32). Interestingly, a defect in 
SOCS1 induction was observed in allergic asthmatics, suggesting 
that inhibiting IRS2 signaling is protective against asthma. The 
proteosomal degradation of IRS1 and IRS2 is blocked by interac-
tions with the ERα in a breast cancer cell line (36). Estrogen also 
enhances the expression and tyrosine phosphorylation of IRS1 
in a variety of breast cancer lines (129). Whether such regulation 
of IRS proteins by estrogen is in some way responsible for the 
enhanced M2 macrophage polarization and allergic inflamma-
tory response observed in females is not known (130, 131).

Differential Responses on Allergic 
inflammatory Cells
The difference in signaling pathways elicited by IL-4 compared to 
IL-13 has distinct effects on responses of cells increased in num-
bers during allergic responses, including M2 macrophages and 
eosinophils. The ability of IL-4 or IL-13 to increase expression 
of genes characteristic of M2 macrophage polarization correlated 
with the amount of tyrosine-phosphorylated IRS2 (64). On aver-
age, M2 macrophage gene expression was approximately 30–50% 
less in IL-13-stimulated cells compared to IL-4-stimulated cells. 
Even when activation of the STAT6 pathway was maximal in 
response to either IL-13 or IL-4, the difference in the activation 
of IRS2 in IL-13-stimulated compared to IL-4-stimulated BMMs 

resulted in less mRNA and/or protein encoding Arg1 (Arginase 1),  
Retnla (Found in inflammatory zone 1, FIZZ1), and Chi3l3 
(YM1). Taken together, these data demonstrated that the IRS2 
pathway was poorly activated in response to IL-13 and that IL-4 
was a more potent inducer of the M2 macrophage polarization 
program than IL-13. These findings are important in  vivo in 
diseases where M2 macrophages and their secreted proteins play 
a role in pathology or immunity, such as asthma, allergies, worm 
infection, or cancer. The relative presence of IL-4 or IL-13 in the 
microenvironment may shape the magnitude of macrophage 
polarization.

IL-4 and IL-13 also have distinct effects on other immune 
cells. IL-4 has been shown to act as a chemoattractant for human 
eosinophils as well as to enhance chemokine-induced move-
ment (132). We showed that IL-4 enhanced eotaxin-1-induced 
chemotaxis but IL-13 did not (133). This occurred in an IL-4 
 concentration-dependent manner and enhancement was depend-
ent on expression of the γc subunit and therefore Type I IL-4 
receptor signaling. There were signaling differences in mouse 
eosinophil responses to IL-4 and IL-13. Activation of STAT6 was 
greater in response to IL-4 compared to IL-13. This is similar 
to IL-4 responses in macrophages, airway epithelial cells (A549 
cell line), and other cell types. Phosphorylation of IRS2 was also 
greater following IL-4 stimulation but it was not statistically sig-
nificant. We speculated that STAT6 signaling might synergize with 
eotaxin-1-/CCR3-induced PI 3′ kinaseγ activation to enhance 
chemotaxis through cytoskeletal rearrangement, although this 
remains to be elucidated. Targeting this pathway would be useful 
in treating Th2hi allergic asthmatics, where eosinophils and Th2 
cytokines play a dominant role in this asthma endotype.

CONTRiBUTiON OF iRS PROTeiNS TO 
ALLeRGiC ReSPONSeS

While the STAT6 pathway has been clearly shown to be an impor-
tant mediator of the majority of allergic responses in  vivo, the 
contribution of the IRS pathway to immune responses is not well 
understood. We found that transgenic overexpression of IRS2 
in lymphocytes enhanced IgE production in vivo, and increased 
the amount of IL-5 produced by in vitro differentiated CD4+ Th2 
cells (134). Consistent with these findings, in  vitro studies of 
T-cells isolated from IRS2−/− mice found modestly reduced T-cell 
proliferation and production of IL-5 by Th2 cells as compared to 
T-cells from IRS2+/+ mice (62).

Mice expressing a mutation in the I4R-motif (IRS-docking site) 
of the murine IL-4Rα (Y500F) were developed and studied 
for allergic responses (135). This mutation impaired T  cell 
proliferation but did not affect Th2 cytokine secretion in vitro. 
Surprisingly, it was found that mice expressing the Y500F form 
of IL-4Rα demonstrated enhanced parameters of allergic inflam-
mation, including IgE production, airway hyperresponsiveness, 
eosinophilic inflammation, and mucus production, suggesting a 
significant contribution of this region of the IL-4Rα to inflam-
mation control in vivo. While this mutation abrogated activation 
of the IRS2 pathway, this region of the IL-4Rα is known to act as 
a docking site for other signaling molecules including IRS1, Shc, 
FRIP1, p62DOK, and p85β (49, 136).
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As discussed above, we showed that IL-4 elicited robust phos-
phorylation of IRS2 and M2 gene expression in macrophages 
in vitro, while IL-13 induced significantly weaker responses (64). 
Moreover, IL-4-mediated signaling and gene induction were 
reduced in macrophages lacking the γc chain and the Type I 
receptor. Since the PI 3′ kinase and Akt pathways downstream of 
IRS2 were reported to be important for M2 differentiation (137), 
we expected that IL-4-mediated M2 activation would be reduced 
in the absence of IRS2.

Contrary to expectations, stimulation of IRS2−/− macrophages 
with either IL-4 or IL-13 enhanced expression of Retnla, Chi3l3, 
and Arg1 mRNA, when compared to WT macrophages (17). 
Moreover, the differential potency of IL-4 and IL-13 for M2 gene 
expression was still observed in IRS2-deficient cells. Thus, the 
reduced quantities of M2 transcripts seen in IL-13-stimulated 
macrophages are not explained by reduced IRS2 phosphoryla-
tion. Another surprising finding was that loss of IRS2, an adaptor 
that links to PI 3′ kinase, led to increased phosphorylation of Akt 
and S6 under basal or IL-4-treated conditions. It is likely that this 
enhanced signaling proceeds via IRS1, as knockdown of IRS1 in 
the IRS2-deficient macrophages abrogated the elevated basal and 
IL-4-induced responses in vitro. These studies reveal a previously 
unappreciated negative feedback loop downstream of IRS2 during 
IL-4 signaling and suggest that the IRS1 adaptor positively regu-
lates the M2 phenotype, although a definitive role for IRS1 remains 
to be established. These results are at odds with our previous work 
showing robust positive relationships between the IL-4-induced 
tyrosine phosphorylation of IRS2 and enhanced M2 macrophage 
differentiation (64). It is possible that compensatory mechanisms 
in the IRS2-deficient mice lead to enhanced involvement of the 
IRS1 adaptor that does not normally occur. Alternatively, it is 
possible that without careful analyses of the serine/threonine and 
tyrosine phosphorylation status of IRS1, the correlations with 
tyrosine-phosphorylated IRS2 are misleading (33).

Since M2 macrophages have been shown to enhance allergic 
responses (138–140), we further evaluated the contribution 
of IRS2 to allergic lung inflammation in vivo (17). IRS2+/− and 
IRS2−/− mice developed enhanced allergic lung inflammation 
and increased airway and vascular remodeling in comparison 
to IRS2+/+ mice. In the absence of IRS2, there were increased 
numbers of eosinophils in the airways and lungs of mice in an 
acute allergen sensitization/challenge model. There was also 
a striking increase in muscularization of small vessels that was 
accompanied by increased production of the M2 macrophage 
protein FIZZ1 by cells surrounding the blood vessels. However, 
there was no difference in IgE production, Th2 cytokine levels 
in the bronchoalveolar lavage fluid, or mucus production by 
airway epithelial cells. These results suggest a novel, critical role 
for IRS2 in limiting allergic inflammation and pulmonary arterial 
remodeling induced by a Th2 immune response. A potential con-
tribution of IRS1 in allergic responses has not yet been explored 
in animal models or humans (141, 142).

Macrophage adoptive transfer experiments demonstrated 
that the negative regulation of eosinophilic inflammation and 
pulmonary arterial muscularization by IRS2 was at least in part 
intrinsic to the macrophage (17). The potential contribution of 
IRS1 to these in vivo responses is not yet known and remains an 

important area of investigation. These results suggest novel roles 
for IRS1 and IRS2 in the regulation of allergic lung disease, and 
present potential therapeutic strategies.

FUTURe STUDieS

The most recent work advances our understanding of the complex 
signaling pathways controlling allergic inflammation and paves 
the way for targeted manipulation of the IL-4/IL-13 pathway in 
the quest for additional therapeutic interventions against allergic 
diseases. Since the early characterization of the contribution of 
4PS to cell proliferation and survival (Figure  4A), many more 
layers of regulation have been discovered (Figure 4B). However, 
the full impact of these regulatory pathways on the control of bio-
logical responses elicited by IL-4 or IL-13 are unclear. The level of 
complexity of potential positive and negative regulatory circuits 
calls for a systems engineering approach to fully understand the 
integration of these pathways.

Substantial progress has been made over the past 28 years in 
understanding the contribution of 4PS (IRS1 or IRS2) to IL-4- 
and IL-13-stimulated responses in the context of allergic diseases, 
however, as noted throughout, there is still much work to be done. 
Whether IRS2 is mostly a positive or a negative regulator of IL-4- 
or IL-13-induced responses represents a fascinating paradox. 
Should therapeutic strategies strive to increase or inhibit IRS2  
via manipulation of protein expression or serine/threonine or 
tyrosine phosphorylation? What about IRS1? Targeting strategies 
are just beginning to be explored and developed in the context of 
epithelial cancers and Type II diabetes (18, 80, 95). What about 
allergic disease? On a broad and philosophical note, why does the 
IL-4/IL-13 system tap into the signaling pathway so critical for 
insulin signaling and metabolism? Do the IRS proteins play a role 
in the reported IL-4-induced control of adaptive thermogenesis 
(120,  143–145)? The search for the answers to these questions 
will likely engage the imagination and energy of young investiga-
tors and lead to the discovery of new and unexpected pathways 
controlling IL-4- and IL-13-induced responses. Bill would be 
delighted.
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