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Abstract

Background—Signaling by IL-4 and IL-13 via the IL-4 receptor alpha chain (IL-4Ra) plays a
critical role in the pathology of allergic diseases. The IL-4Ra is endowed with an immunoreceptor
tyrosine-based inhibitory motif (ITIM), centered on tyrosine 709 (Y709) in the cytoplasmic domain,
that binds a number of regulatory phosphatases. The function of the ITIM in the in vivo regulation
of IL-4R signaling remains unknown.

Objective—To determine the in vivo function of the IL-4Ra ITIM using mice in which the ITIM
was inactivated by mutagenesis of the tyrosine Y709 residue into phenylalanine (F709).

Methods—F709 ITIM mutant mice were derived by knockin mutagenesis. Activation of
intracellular signaling cascades by IL-4 and IL-13 was assessed by intracellular staining of
phosphorylated signaling intermediates and by gene expression analysis. In vivo responses to allergic
sensitization were assessed using models of allergic airway inflammation.

Results—The F709 mutation increased STAT6 phosphorylation by IL-4 and, disproportionately,
by IL-13. This was associated with exaggerated Th2 polarization, enhanced alternative macrophage
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Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Tachdjian et al.

Page 2

activation by IL-13, augmented basal and antigen-induced IgE responses and intensified allergen-
induced eosinophilic airway inflammation and hyperreactivity.

Conclusions—These results point to a physiologic negative regulatory role for the Y709 ITIM in
signaling via IL-4Ra, especially by IL-13.
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Introduction

Methods

The IL-4/IL-13 cytokine pathway plays a central role in regulating Th2 responses, including
induction of IgE synthesis, modulation of lymphocyte and antigen-presenting cell function and
allergic tissue responses such as airway inflammation in asthma 1> 2. IL-4 and IL-13 share a
common receptor component, the IL-4Ra chain, which can pair with alternative subunits to
assemble a complete receptor 173. IL-4Ra associates with the common gamma c chain (yc) to
form a type I IL-4 receptor complex that is found predominantly in hematopoietic cells and
binds exclusively IL-4 4. IL-4Ra can also pair with the IL-13Ral subunit to form a type II
IL-4 receptor capable of binding either IL-4 or IL-13. The type Il receptor is expressed on both
hematopoietic and non-hematopoietic cells including airway epithelium, and is essential for
allergen-induced airway hyperreactivity and mucus hypersecretion 577. Binding of IL-4 and
IL-13 to these receptors activates receptor-associated Janus kinases, which initiate a number
of intracellular signaling cascades by phosphorylating specific tyrosine (Y) residues in the
cytoplasmic domain of IL-4Ra (4-6). Phosphorylation of Y575, Y603 and Y633 of human
IL-4Ra mobilizes the transcription factor STAT6, which induces IL-4 and IL-13-responsive
genes. Additional cell growth and regulatory functions are served by Y497, which activates
phosphatidylinositol 3 (PI3)-kinase and MAP kinase (MAPK) pathways 8> 9. Once recruited
to IL-4Ra, both IRS-2 and STAT®6 are subject to Jak-mediated phosphorylation, which enables
their effector functions.

The sequence around Y709 at the carboxyl-terminus of murine IL-4Ra (IVYSSL) is
concordant with the canonical immunoreceptor tyrosine-based inhibitory motif (ITIM)
sequence (consensus I/V/LxYxxL/V) 10712. The IL-4R ITIM binds a number of regulatory
phosphatases including Src homology 2 domain-containing protein tyrosine phosphatase 1 and
2 (SHP-1 and SHP-2) and Src homology 2 domain-containing inositol 5-phosphatase 1
(SHIP-1), suggesting a role for this tyrosine residue in the recruitment of these regulators to
IL-4Ra 13. Global SHP-1 and SHIP-1 deficiency is associated with enhanced signaling via
IL-4Ra and enhanced allergic airway inflammation 14°16. However, SHP-1, SHP-2 and
SHIP-1 associate with multiple other receptors relevant to the allergic response, including Fc
and mast cell inhibitory receptors, thus rendering the specific function of the ITIM in
modulation of IL-4Ra signaling difficult to discern. In this report we aimed to specifically
examine the role of the ITIM in IL-4Ra signaling in mice whose IL-4Ro ITIM has been
inactivated by targeted knockin mutagenesis.

Derivation of mutant mice

The derivation by targeted knockin mutagenesis of mutant mice on BALB/c background
carrying a homozygous Phenylalanine (F) substitution at position Y709 of IL-4Ra (C.
129114raF70%F709) and similarly manipulated control mice that retain the native Y709 residue
(C.129.114raY709/Y709) i5 detailed in the Online Repository Methods section. PCR genotyping
of WT and mutant mice was carried out as detailed in the Online Repository Methods section.
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All protocols were in accordance with NIH guidelines and approved by the Animal Care and
Use Committees at the University of California at Los Angeles and the Childrens Hospital,
Boston.

Flow Cytometry and intracellular staining

Single—cell suspensions were stained with the indicated antibodies and analyzed on a
FACSCalibur cytometer (Becton Dickinson). FITC- or PE-conjugated mAbs used were
obtained from Pharmingen and eBioscience. Intracellular staining with anti-phospho(p)-Y641-
STAT6 (pSTATO), anti-p-Threonine (T) 308-AKT (pAKT) and anti-pT180/pY 182 p38 MAP
kinase (pp38) antibodies (BD Biosciences) was carried out as described !7. The cells were then
stained with conjugated pSTAT6, pAKT or pp38 (Alexa fluor 647; BD Biosciences) and
analyzed by flow cytometry.

Serum total and OVA-specific IgE antibodies, in vitro IgE production and Th cell
differentiation

These assays were carried out as previously described 8.

Cell stimulation and Immunoblotting

Purified cell populations were serum starved for 4 hours at 37°C prior to stimulation with IL-4
or IL- 13 (100 ng/ml) for the indicated Time periods. Whole cell lysates were normalized for
their protein content, resolved by SDS/PAGE then transferred to nitrocellulose filters and
immunoblotted with the indicated antibody. Antibodies against the following phosho-proteins
and proteins were used in immunoblotting: pY641-STAT6, STAT6, pY980-JAK3 (Santa Cruz
Biotech), anti-pY 1020-SHIP-1, pY580-SHP-2, pSerine (S)473-AKT, AKT, pT202,pY204-
ERK1/2, ERK1/2, pT180/182-38, p38, pY1054/1055-TYK?2 and Tubulin (Cell Signaling
Technology), anti-pY 1021/1022-JAK1 (Signal Aldrich), and anti-pY536-SHP-1 (ECM
Biosciences). The blots were developed using horseradish peroxidase-conjugated secondary
antibodies and enzyme-linked chemiluminescence (ECL, Amersham Pharmacia Biotech).

Macrophage and Lung Fibroblast cultures and arginase assay

Bone marrow-derived macrophages (BMDM) were derived by culturing bone marrow
aspirates for 7 days with M-CSF. cultured in 24-well tissue culture plates, then stimulated with
IL-4 or IL-13 at the indicated concentrations and times. The arginase assay was carried out as
described . Primary lung fibroblasts cultures were prepared as described 18.

OVA-induced allergic airway inflammation

Mice were sensitized then boosted on day O and 14, respectively, with i.p. injection of 100 pg
OVA mixed in aluminum potassium phosphate (alum), then challenged intranasally with 50
pg of OVA daily starting on day 28 for 3 consecutive days. Control mice were sensitized and
boosted with PBS mixed with alum then challenged with OV A. Bronchoalveolar lavage was
performed as described 8. Paraffin-embedded lungs sections were stained with hematoxylin
and eosin (H&E) and periodic acid Schiff (PAS) staining as described 8. Peribronchiolar
inflammation was graded with a score as follows: 0, normal; 1, few cells; 2, a ring of
inflammatory cells 1 cell layer deep; 3, a ring of inflammatory cells 2—4 cells deep; 4, a ring
of inflammatory cells of >4 cells deep 19. The abundance of PAS-positive goblet cells in the
airways was scored as follows: 0, <5% goblet cells; 1, 5-25%; 2,25-50%; 3, 50-75%; 4, >75%
19.
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Induction of AHR and measurement of airway responsiveness

Mice were sensitized with 50 pg of OVA (Sigma-Aldrich) in 2mg alum administered i.p. A
week later, the mice were challenged with intranasal antigen (50 pg OVA/d) given on 3
consecutive days. Control mice received i.p. injections of alum and intranasal administrations
of OVA. Twenty-four hrs following the final dose, AHR was assessed as previously described
20, Briefly, mice were anesthetized with 50 mg/kg pentobarbital and instrumented for the
measurement of pulmonary mechanics (BUXCO Electronics). Mice were tracheostomized,
intubated, and mechanically ventilated as previously described 20. Baseline lung resistance
(Ry) and responses to aerosolized saline (0.9% NaCl) were measured first, followed by
responses to increasing doses (0.32 to 40 mg/ml) of aerosolized acetyl-B-methylcholine
chloride (methacholine; Sigma-Aldrich). The three highest values of Ry obtained after each
dose of methacholine were averaged to obtain the final values for each dose.

Statistical analysis

Results

Student's t test, two way ANOVA and repeat measure ANOVA with Bonferroni post test
analysis of groups, and Kruskal Wallis test with Dunn's post test analysis of groups were used
to compare test groups. A p value smaller than 0.05 was considered to be statistically
significant.

Characterization of the IL-4Ra ITIM

To identify putative ITIMs in IL-4Ra and elucidate their function, we first analyzed the capacity
of individual tyrosine motifs present in the human IL-4Ra chain cytoplasmic domain to serve
as ITIMs. These studies identified the tyrosine motif at position Y713 to uniquely serve as an
ITIM (Fig. E1 in the online Repository). A peptide spanning phospho-Y713, but not other
phospho-Y residues, bound the carboxyl-terminal SH2 domain of SHP-1 and activated SHP-1
phosphatase activity, consistent with its function as an ITIM. In contrast, unphosphorylated
Y713 peptide failed to bind to SHP-1 (Fig. E1 in the Online Repository).

The functional consequences of ITIM inactivation were analyzed in a cellular model using a
chimeric receptor composed of the extracellular and transmembrane domains of the
erythropoietin receptor and the cytoplasmic domain of IL-4Ra (EpoR/IL-4Ra). The chimeric
receptor was expressed in the human Burkitt lymphoma cell line BJAB, which does not express
erythropoietin receptor (data not shown). Treatment with erythropoietin induces dimerization
of the EpoR/IL-4Ra chain and receptor activation independent of contribution of the yc chain
or IL-13Ral. When stimulated with erythropoietin, BJAB cells expressing the chimeric
receptor mediated activation of JAK1 and STAT®6, as evidenced by their phospho-tyrosine
phosphorylation (Figure E2 in the Online Repository). Inactivation of the ITIM by mutagenesis
of Y713 into F713 resulted in enhanced activation of JAK1 and STAT®6, consistent with a
negative regulatory function of the ITIM in receptor signaling. By using an over-expression
system in HeLa cells in which the EpoR/IL-4Ra and SHP-1 were co-expressed, it could be
demonstrated that the SHP-1 associated with EpoR/IL-4Ra and that mutagenesis of the ITIM
Y713 to F713 abrogated this association (Figure E3 in the Online Repository).

Generation of IL-4RaF709 mutant mice by targeted knock-in mutagenesis

In view of the above results, and to elucidate the function of the IL-4Ra ITIM in an in vivo
murine system, we exploited the virtual identity of the extended human and murine ITIMs
(GIVpY713SALTCHL and GIVpY’%SSLTCHL, respectively) to mutagenize the critical
Y7009 residue of the murine IL-4Ra ITIM to F709 by targeted knockin mutagenesis of I/4ra.
This approach, which mirrored an earlier study that analyzed the IRS-2 docking site at the
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Y500 residue, disabled the ITIM by preventing its phosphorylation and its association with
SHP-1 (Fig. E1 and E3 in the Online Repository) 2!. Homozygous mutant mice of both sexes
were phenotypically indistinguishable from their wild-type (WT) and heterozygous littermates.
Expression levels of the mutant receptor protein were verified by flow cytometry to be closely
matched identical to WT IL-4Ra (Figure E4 in the Online Repository). Analysis revealed the
T and B lymphocytes of the IL-4Ra F709 mutant mice to be normal in number and phenotype
(data not shown).

The F709 mutation augments STAT6 phosphorylation upon IL-4R signaling

To elucidate signaling mechanisms by which the F709 substitution mediates its pro-allergic
inflammatory effects, we examined IL-4Ra signaling in hematopoietic and airway epithelial
cells of C.129.114raF7%%¥709 and control C.129.714ra¥7%%/Y709 mice. Treatment with IL-4
resulted in enhanced phosphorylation of STATG6 in C.129./14ra"79%F709 B lymphocytes as
compared to the C.129.714ra¥70%Y709 controls, as detected by immunoblotting with an anti-
phospho-(p)STAT6 antibody (Fig.1A). While the F709 mutation augmented STAT6
phosphorylation by IL-4, it did not influence the course of STAT6 dephosphorylation following
signal termination (Fig. 1B). Enhanced STAT6 phosphorylation in IL-4-treated C.
129.114ra¥70%F709 B and T cells was also documented by intracellular staining with anti-
pSTAT6 antibodies, with T cells exhibiting more pronounced augmentation of pSTAT6
formation as compared to B cells (Fig. 1C, D). The increase in the mean fluorescence intensity
(MFI) of pSTATS® staining in the mutant cells reflected an absolute increase in STAT6
phosphorylation as the WT and mutant cells exhibited similar basal pSTAT6 MFI. Collectively,
these data established that the ITIM mutagenesis augmented the induction phase of STAT6
phosphorylation in response to IL-4 receptor signaling.

The F709 mutation promotes T helper (Th) 2 polarization and IgE responses

To determine whether the F709 substitution influences Th cell differentiation as a contributing
factor in its promotion of allergic airway inflammation, we compared cytokine production of
T cells of C.129.114raF709F709 and control C.129.114ra¥79%Y709 mice that were induced to
differentiate in vitro into Th1 or Th2 effector lymphocytes. C.129.714raF709F709 Th2 cells
exhibited a significant increase in IL-4 production as compared to C.129.114ra¥709Y709 Th)
cells. In contrast, there was no significant difference in IFN-y production between Th1 cells
of the respective genotype. (Fig. 2A, B). These results indicated that the F709 mutation
promotes IL-4 production byTh2 cells.

The impact of the F709 mutation on humoral immunity was examined by measuring the total
and antigen-specific antibody responses following immunization with OVA mixed with alum
adjuvant to promote Th2 type responses 22, or with saline/alum as immunization control. Fig.
2C shows that the C.129.714raF7096/F709 mice exhibited enhanced total serum concentrations
of IgE following immunization with OV A/alum as compared to C.129.114ra¥79%Y7% control
mice. Significantly, OV A-specific antibody responses were also increased in the F709 mutant
mice as compared to controls (Fig. 2D). The heightened IgE production in the F709 mutant
mice was not the result of an intrinsic alteration in the capacity of the C.129./l4raF709/F709 B
cells to produce IgE, as purified mutant and control B cells produced similar levels of IgE when
stimulated in vitro with anti-CD40 mAb + increasing concentrations of IL-4 (Fig. 2E). Also,
IL-4 stimulation did not superinduce the expression in B cells of CD23 and I-AY, which
proceeds in a STAT6-dependent mechanism. These results suggested that the increased IgE
production in C.129.714raF709F709 mice was extrinsic to the B cells, possibly involving
increased IL-4 production by the C.129.114ra"70%F709 T cells.

J Allergy Clin Immunol. Author manuscript; available in PMC 2011 May 1.
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The F709 mutation promotes alternative macrophage activation

Alternative macrophage activation is regulated by IL-4Ra/STATG6 signaling, and is more
effectively achieved by signaling via the type I IL-4R >+ % 23, To elucidate the impact of the
F709 mutation on alternative macrophage activation, we examined the induction by IL-4 and
IL-13 of STAT6 activation, the expression of the STAT6-regulated genes Argl and Chi3l3,
and of arginase enzymatic activity in BMDM of C.129.1[4raF70%F709 mytant and C.
129.114raX79%/Y709 WT control mice. BMDM are normally more sensitive to IL-4 treatment
as compared to IL-13 > ©, Both IL-4 and to a lesser extent IL-13 induced increased pSTAT6
formation in Y709 BMDM, which plateaued at 10ng/ml and 100 ng/ml, respectively (Fig. 3A).
While the F709 mutation upregulated pSTAT6 formation by both cytokines, it
disproportionately augmented pSTAT6 formation by IL-13 as compared to similarly treated
WT BMDM (Fig. 3A, B). In contrast, the F709 mutation did not alter the activation by IL-4
and IL-13 of the protein kinase AKT, a down-stream target of the IL-4R-coupled IRS2/PI3-
kinase pathway (Fig. ES in the Online Repository). Similarly, it did not affect the induction by
IL-4 and, more modestly, IL-13 of p38 MAP kinase activation, whereas activation of p42/p44
ERK kinases was not induced in either WT or mutant BMDM above baseline (Fig. ES in the
Online Repository and data not shown). Overall these results indicated a measure of specificity
in the impact of the F709 mutation on IL-4R-coupled signaling pathways.

In Y709 BMDM, IL-4 induced markedly higher levels of Argl, Chi3I3 and Ccll] transcripts
and arginase enzymatic activity, with a left-shifted dose response curve, as compared to IL-13
(Fig. 3C-F). The F709 mutation markedly augmented the induction by IL-13 of Arg/,

Chi313 and Ccll] transcripts and of arginase enzymatic activity, whereas it more modestly
upregulated the IL-4 responses or left them unaffected (Fig. 3C-F). Furthermore, examination
of responses to IL-4 and IL-13 in primary lung fibroblast cultures of F709 mice revealed a
similar pattern of differential upregulation of Ccl/ transcription by IL-13 but not IL-4 (Figure
3G and data not shown). These results are consistent with differential enhancement by the F709
mutation of IL-13-induced alternative macrophage activation via the type II IL-4R.

To elucidate mechanisms by which the F709 substitution augmented IL-4 and IL-13 signaling,
we examined the phosphorylation of the ITIM substrates: SHP-1, SHP-2 and SHIP-1, in
response to IL-4 and IL-13 treatment of BMDM derived from C.129.114raF709F709 and control
C.129.114raY709/Y709 mice. Phosphorylated proteins were detected by immunoblotting using
specific anti-phospho-antibodies. SHIP-1 was found constitutively phosphorylated in BDMD.
Both IL-4 and IL-13 induced partial dephosphorylation of SHIP-1 in WT cells, whereas this
dephosphorylation was abrogated in C.129.114raF709F70% mytant BMDM (Fig.4). IL-4
treatment induced an early increase in SHP-2 phosphorylation that was, in general, of similar
magnitude in WT and mutant BMDM. IL-13 induced delayed phosphorylation of SHP-2 that
was observed only at high cytokine concentration and which was also similar between WT and
mutant BMDM (Fig. 4). IL-4 also induced SHP-1 phosphorylation in WT BMDM, the
magnitude of which was attenuated in F709 BMDM. The attenuation by the F709 mutation of
SHP-1 phosphorylation was more pronounced in the case of IL-13 treatment. Examination of
JAK1 revealed that it was hyperphosphorylated at baseline in F709 relative to Y709 BMDM,,.
It became hypo-phosphorylated upon activation in both cell types, while maintaining increased
pY content in F709 cells. Both JAK3 and Tyk2 underwent activation-induced
hyperphosphorylated in F709 BMDM relative to WT controls. Collectively, these data
established that the ITIM mutagenesis impaired SHP-1 phosphorylation and, reciprocally,
exaggerated receptor-associated kinase activation and STAT6 phosphorylation, consistent
with defective recruitment of SHP-1 as one likely mechanism by which the ITIM mutagenesis
exerted its effects.

J Allergy Clin Immunol. Author manuscript; available in PMC 2011 May 1.
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The F709 mutation results in enhanced antigen-induced allergic airway inflammation

The functional consequences of the F709 mutation were analyzed in antigen-driven murine
models of allergic airway inflammation. In an acute model of antigen-induced allergic airway
inflammation, C.129.114raF79%/¥709 and C.129.114raY799Y709 mice were sensitized on day 0
and boosted on day 14 with OVA mixed with alum, then challenged at 4 weeks post-
sensitization with inhaled OV A for three consecutive days. Control mice were immunized and
boosted with PBS/Alum and challenged with inhaled OV A. Microscopic examination of H&E
and PAS-stained lung sections of WT and mutant mice revealed patchy peribronchial
inflammatory infiltrates, composed primarily of eosinophils and lymphocytes, that were
substantially more prominent in OVA sensitized and challenged C.129.14ra"70%F709 mice as
compared to C.129.714ra¥79Y709 controls (Fig. 5A and data not shown). In contrast, sham
immunized mice exposed to aerosolized OV A showed normal lung histology (data not shown).
Significantly, OVA-challenged C.129.714ra"7%%/F709 mytants exhibited markedly increased
peribronchial and perivascular inflammation and increased numbers of goblet cells compared
to C.129.114raX70%Y709 controls 24-27 (Fig. 5B, C). Analysis of BAL fluid of OV A-sensitized
and challenged mice revealed that OV A-sensitized C.129.114raF709F709 mice exhibited
increased accumulation of eosinophils in the airways as compared to similarly treated controls
(Fig. 5D). To determine whether the F709 mutation increased AHR following antigenic
sensitization and challenge, a more limited antigenic sensitization protocol was employed to
better discriminate the genotype effect (see materials and methods section). Results revealed
that OVA sensitized C.129.//4ra"709F709 mice exhibited augmented AHR in response to OVA
challenge as compared to similarly treated Y709 control BALB/c mice (Fig. SE). The
heightened AHR in the F709 mutants induced by the limited OV A sensitization protocol was
also associated with a dramatic increase in airway eosinophilia as compared to Y709 control
mice (Fig. E6A in the Online Repository). These results indicated that the F709 substitution
caused an increase in allergic airway inflammation and AHR in response to allergen
sensitization and challenge.

To determine the impact of the F709 mutation on the transcription of STAT6-responsive genes
induced during allergic airway inflammation, we measured the relative transcript levels of a
battery of STAT6-responsive genes in OVA and sham sensitized C.129./14raF709F709 and C.
129.114raY709Y709 mice following challenge with OVA. Results revealed that the F709
mutation upregulated the expression of a number of STAT6-responsive gene transcripts both
at baseline and following OVA challenge, including transcripts of the cysteinyl leukotriene
receptor 1 and 2 genes (Cysltrl and Cysltr2, respectively), 5-lipoxygenase (Alox5), and resistin
like b (Retnlb) (Fig. SF-I). Transcripts encoded by the Th2 cytokine genes /14 and 119 were also
significantly increased in lung tissues of allergen-challenged C.129.1/4ra"70%F709 mutant mice
as compared to WT controls, while those encoded by /15 and 1113 were increased but did not
achieve significance (Figure E6B-E). These results indicated that the F709 mutation
upregulated the expression of a number of STAT6-responsive genes involved in allergic airway
inflammation.

Discussion

Our findings reveal a significant regulatory function of the IL-4Ra chain ITIM in receptor
signaling in vivo. Inactivation of the ITIM site disrupted the normal homeostasis of allergic
effector pathways, giving rise to spontaneously elevated IgE levels, goblet cell metaplasia of
the bronchial epithelium and influx of eosinophils into the airways of allergen-naive mice.
Isolated T, B and BMDM cells evidenced enhanced receptor signaling in response to IL-4 and,
for BMDM, IL-13. Furthermore, the F709 mutation resulted in amplification of the allergic
response to the allergen, OVA, as evidenced both by increased total and antigen specific IgE
production and by exaggerated airway inflammation, mucus metaplasia and AHR. These

J Allergy Clin Immunol. Author manuscript; available in PMC 2011 May 1.
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results identify a negative regulatory function for the IL-4Ra ITIM in controlling allergic tone
both in the unchallenged basal setting and following challenge with allergens.

Induction of STAT6 phosphorylation in ITIM mutant cells was enhanced at different
concentrations of IL-4 and IL-13. Signal enhancement started at the earliest time points
examined, and it persisted for the duration of cytokine treatment. However, the course of
STAT6 dephosphorylation once the cytokine treatment was terminated remained unaltered. In
contrast to the conclusions of a previous report, our results suggest that the ITIM regulates the
induction, rather than termination, phase of IL-4R signaling, at least in the cell types under
study 28, Earlier studies on other receptor systems and on the IL-4R itself indicate that the
mechanism of action of ITIMs in regulating receptor signaling involves recruitment of
phosphatases SHP-1, SHP-2 and SHIP-1 13, SOCS proteins also bind at ITIMs, and may thus
may contribute to signal regulation at the IL-4Ro. chain ITIM 2°. The identity of the respective
intermediate recruited to the IL-4R ITIM in different cell types may vary depending on the
level of expression. It is also likely that, in addition to signal regulation, the IL-4Ro ITIM may
mediate distinct effector functions that are dependent on identity of the bound intermediate.
The balance of intermediates bound at the IL-4Ra ITIM in different tissues remains to be
established, as is the nature of their distinct effector functions in response to IL-4 and/or IL-13
signaling.

The cytoplasmic domain of the IL-4Ra chain possesses three STAT6 binding sites in tandem,
which ensures amplification of the receptor signaling by means of STAT6 activation, and a
single ITIM site, whose function is demonstrably inhibitory 1» 2- 30, While at baseline the
receptor did not signal constitutively, the F709 mutation amplified IL.-4R-related responses in
vivo. Many of the phenotypes associated with the F709 mutation, including strikingly elevated
baseline IgE levels, differential augmentation of alternative macrophage activation by IL-13,
and enhanced goblet cell metaplasia and allergic airway inflammation are attributes associated
with increased signaling via type IT IL-4R 3> 6. These results indicate an important function of
the ITIM would be to increase the threshold for receptor activation, especially by the type II
IL-4R, so as to suppress exaggerated in vivo responses to sub-threshold immunogenic stimuli.

Both in vitro and in vivo studies revealed that mechanism by which the IL-4R ITIM promotes
signaling involves upregulation of JAK kinase activation and STAT6 phosphorylation. This
mechanism does not relate to an influence on IL-4 and IL-13 binding to the IL-4R extracellular
domain, as it remains operative when examined in a chimeric receptor composed of the
Erythropoietin receptor extracellular domain and the IL-4R intracellular domain (Figure E2 in
the online repository). Rather, it appears to involve defective recruitment of SHP-1 to the
mutant receptor. SHP1 phosphorylation was decreased upon IL-4, and more so IL-13,
signaling, in mutant BMDM, indicative of impaired recruitment and activation of SHP-1 by
the ITIM. The mechanism for the disproportionate impact of the ITIM mutation on signaling
via the IL-4R type Il receptor (by IL-13) versus type I receptor (by IL-4) may involve residual
recruitment of SHP-1 by the other components of IL-4R type I, as evidenced by decreased
though not absent phosphorylation of SHP-1 by IL-4 in ITIM mutant cells (Figure 4). A recent
study has linked the enhanced efficacy of the type I IL-4R in inducing alternative macrophage
activation to its differential capacity to activate the IRS/PI3-kinase pathway 3'. However, there
was no evidence that the ITIM mutant resulted in enhanced IRS-PI3-Kinase activation, as
monitored by the activation of the downstream kinase AKT.

While the F709 mutation augmented STAT6 phosphorylation in B cells, it was not associated
with enhanced IgE production by isolated B cells induced to switch to IgE production ina T
cell-independent manner. Similarly, it did not upregulate the expression of in B cells of the
STAT6-responsive gene products CD23 and I-A9. These results suggest that in addition to
regulating STAT6 phosphorylation, intermediates recruited at the ITIM may provide additional

J Allergy Clin Immunol. Author manuscript; available in PMC 2011 May 1.
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signals that promote STAT6 function. The loss of such signals upon ITIM mutagensis may
counterbalance the effects of upregulated STAT6 phosphorylation. Thus, The striking increase
in the level of IgE production in the ITIM mutant mice is likely to reflect increased IL-4
production secondary to favored Th2 responses.

The Y709F mutation also mediated allergic airway inflammation both at baseline and in an
antigen-dependent manner (OVA sensitization). In both cases the inflammation was associated
with increased airway eosinophilia. Given that airway eosinophilia plays a critical role in
unfolding the acute and chronic changes associated with asthma, including AHR, mucous
production and subepithelial fibrosis, the increased airway eosinophil load would provide one
mechanism by which the F709 allele promotes allergic airway inflammation 32> 33. Gene
expression analysis identified additional mechanisms by which the F709 allele may exert pro-
inflammatory functions. In particular, the Y709F mutation upregulated the expression of
components of the leukotriene pathway, which plays a critical role in allergic airway
inflammation: 5 lipoxygenase (Alox5), cysteinyl leukotriene receptor 1 and 2 (Cyslirl;
Cysltr2) 3%, 1t also upregulated the expression of resistin-like beta (Renlb), which promotes
allergic airway inflammation and the induction of subepithelial fibrosis 3. Together, these
findings reinforce intervention strategies at these pathways aimed to interrupt the evolution of
airway inflammation associated with a strongly pro-atopic phenotype like that of the Y709F
substitution 3.

Despite the potentiation by the F709 mutation of STAT6 phosphorylation in B cells, there was
no observed difference in the intrinsic capacity of the mutant B cells to produce IgE in response
to IL-4. These results suggest that the ITIM transmits STAT6-independent signals that promote
IgE production in B cells, and that this function of the I'TIM is lost upon its mutagenesis. They
also indicate that the increase in IgE production observed in vivo reflects the increased supply
of IL-4, in line with the observed Th2 bias in the F709 mice both in vitro (Figure 2A) and in
vivo (Figure E6B).

Epidemiological surveys have linked different IL-4Ra polymorphisms to phenotypes of atopy
and asthma both individually and in combination. 3673, It is remarkable that a mutation that
results in a dramatic pro-allergic responses such as the F709 was nevertheless associated with
a relatively modest increase in IL-4/IL-13-induced STAT6 phosphorylation (20-50% increase
over WT controls). These findings indicate that even subtle changes in receptor signaling
associated with some IL-4R polymorphisms may results in a profoundly atopic phenotype. The
contribution of altered ITIM function to the pro-atopic and disease promoting effects of
different IL-4Ra polymorphisms merits further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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JAK Janus kinase
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SHP-1/2 Src homology 2 domain-containing protein tyrosine phosphatase 1/2
STAT signal transducer and activator of transcription

Th T helper
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Fig. 1.

Enhanced STAT6 activation in the C.129.114raF70%F709 mytant mice. A. Upper and middle
panels: Western blot analysis of pSTAT6 induction in B cells at different time points following
treatment with IL-4 (100 ng/ml). Lower panel: densitometric measurement of pSTATO,
normalized for STATG6 content. B. Upper panel: Decay of pSTATG6 signal in B cells upon
cessation of IL-4 treatment. Cells were treated for 10 min with IL-4 (100 ng/ml), then washed
(arrow) and analyzed at the indicated time points for pSTAT6 content. Lower panel:
densitometric measurement of pSTAT, normalized for STAT6 content. C, D. Flow cytometric
analysis of pSTAT6 induction in WT (Y709) and mutant (F709) B cells (C) or T cells (D)
following treatment with graded concentrations of IL-4 for 15 min. Results for panels A and
B are representative of 2 independent experiments each, and for C and D the averages of 3
mice per group/experiment with similar results observed in 3 independent experiments.
p<0.0001 for genotype effect (F709 versus Y709) by repeat measure two way ANOVA;
*p<0.05, **p<0.01 by two way ANOV A with Bonferroni post-test analysis of groups.
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Fig. 2.

The F709 mutation enhances IL-4 production by Th2 cells and IgE responses in vivo. A, B.
Cytokine production by Th cells. Naive WT (Y709) and F709 splenic T cells (n=3-7 mice/
group) were differentiated into Th1 (A) or Th2 (B) cells, then stimulated with anti-TCRf mAB
for 48 h. Culture supernatants were analyzed for IL-4 and IFNy production by ELISA. C-D.
Total and OV A-specific serum IgE levels in F709 and WT control mice (n=6-8/group)
collected prior to (pre-immune) or following immunization with OVA/alum. E. In vitro IgE
production by purified splenic B cells of WT and F709 mice (n=5/group) following stimulation
with anti-CD40 mAb + IL-4. There was no significant difference between the two groups
(repeat measure two way ANOVA). F, G. Upregulation of CD23 and I-Ad expression in Y709
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and F709 B cells treated with increasing concentrations of IL-4 (n=3/group). *P<0.05,

#+¥P<0.01, ***P<0.001; Tp<0.01, ¥p<0.0001 for genotype effect (Student's t-test for panel D,
and 2 way ANOVA with post-test analysis for panels A, C, F and G).
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Fig. 3.

The F709 mutation enhances alternative macrophage activation. A. Intracellular staining of
pSTAT6 in WT (Y709) and F709 BMDM stimulated for 15 min at 37 °C with IL-4 (10 ng/ml)
or IL-13 (100 ng/ml). B. Bar graph plot of the difference in the relative increase in pSTAT6
formation (ApSTAT®6) in IL-4 and IL-13 treated F709 as compared to similarly treated Y709
BMDC (n=3 mice/group). C. Arginase activity in lysates of BMDMs treated with various
concentrations of IL-4 or IL-13 and analyzed after 48 h by measurement of urea production
((n=9-12/group). D-G. Real-time PCR of genes encoding arginase 1 (Arg/), chitinase 3-like
3 (Chi3l3), and Cclll in BMDMs (D-F) and Ccll1 in primary lung fibroblast cultures (G)
stimulated for 20 h with IL-4 or IL-13 at 10 ng/ml each (n=7-12/group). *p<0.05, **p<0.01,
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#4%p<0.001; 'p<0.01, ¥p<0.0001 for genotype effect (Student's t-test for panel B, and 2 way
ANOVA with post-test analysis for panels C-G).
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Fig 4.

The F709 mutation impairs SHP-1 activation in BMDM cells. WT or F709 mutant BMDM
cells were treated with IL-4 or IL-13 at 10 or 100 ng/ml and for 15 or 60 min, as indicated.
Cellular lysates were derived and probed for pSHP-1, pSHP-2, pSHIP-1, pJAK1, pJAK3, and
pTYK?2, and B-Tubulin, the latter as a protein loading control. Results are representative of 2-3
independent experiments per immunblot panel.
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Fig. 5.

The Y709F substitution promotes acute antigen-induced allergic airway inflammation and
AHR. Sham (Saline/Alum) or OVA/Alum sensitized C.129.114raY79%Y709 (Y709) and C.
129 114raF709F709 (F709) mice (n=10 mice/ group) were challenged intranasally with OVA on
3 consecutive days then analyzed. A. Lung histology (PAS staining, 20x). B. Peribronchial
inflammation scores. C. PAS-positive goblet cells in the airways. D. Eosinophilia in BAL fluid
of sham and OVA immunized mice challenged with OVA. E. AHR measurements. Changes
in lung resistance (Ry) were measured in mice that had been either sham immunized or
subjected to a limited protocol of OVA immunization (n=5-8/group). F-I. Real time PCR
analysis of Cysltrl, Cysltr2, Alox5, Alox15, and Rtnlb mRNA levels in total lung extracts of
OVA sensitized and challenged mice versus controls (n=3-6/group). *p<0.05, **p<0.01,
#4%p<0.001; ¥p<0.0001 for genotype effect (B: Kruskal Wallis test; C-I: 2 way ANOVA with
post-test analysis).
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