
IL-13Rα1 is a surface marker for M2 macrophages influencing
their differentiation and function

Mermagya Dhakal1,*, John C. Hardaway1,*, F. Betul Guloglu1, Mindy M. Miller1, Christine M.
Hoeman1, Adam A. Zaghouani1, Xiaoxiao Wan1, Linda M. Rowland1, Jason A. Cascio1,
Michael P. Sherman2, and Habib Zaghouani1,2,3

1Department of Molecular Microbiology & Immunology, University of Missouri School of Medicine,
Columbia, MO, USA.
2Department of Child Health, University of Missouri School of Medicine, Columbia, MO, USA.
3Department of Neurology, University of Missouri School of Medicine, Columbia, MO, USA.

Summary
In this study we examined the role IL-13 receptor alpha 1 (IL-13Rα1) plays in macrophage
differentiation and function. The findings indicate that IL-13Rα1 is expressed on the M2 but not
the M1 subset of macrophages and specifically heterodimerizes with the IL-4Rα chain to form a
type II receptor, which controls the differentiation and function of these cells. Indeed, bone
marrow (BM) cells from IL-13Rα1+/+ and IL-13Rα1−/− mice yield equivalent numbers of
macrophages when cultured under M2 polarizing conditions. However, IL-13Rα1−/− BM cells
yield a much higher number of macrophages than IL-13Rα1+/+ BM cells when the differentiation
is carried out under M1-polarizing conditions. Further analyses indicated that macrophages that
express IL-13Rα1 also display surface markers associated with an M2 phenotype. In addition, the
IL-13Rα1+ macrophages were highly efficient in phagocytizing zymosan bioparticles both in vitro
and in vivo, and supported differentiation of naïve T cells to a Th2 phenotype. Finally, when
stimulated by IL-13, a cytokine that uses the heteroreceptor, the cells were able to phosphorylate
STAT6 efficiently. These previously unrecognized findings indicate that IL-13Rα1 serves as a
marker for M2 macrophages and the resulting heteroreceptor influences both their differentiation
and function.
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Introduction
Macrophages have been classified into inflammatory M1 and anti-inflammatory M2 subsets
on the basis of the effector function associated with their cytokines [1–3]. Specifically, M1
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macrophages produce the pro-inflammatory cytokines IL-6, IL-12 and TNF-α while M2
macrophages secrete IL-10 [4–7]. In addition, M1 macrophages produce nitric oxide while
M2 express arginase 1 (Arg-1) [3–5, 8]. Later, surface markers were identified that were
associated with either M1 or M2 macrophage subsets and these include FIZZ1, Ym1 and
Ly6C [9, 10]. Also, expression of receptors such as CCR4 chemokine receptor [11], IL-12
receptor beta 2 (IL-12Rβ2) [12], IL-4 receptor alpha (IL-4Rα) [13, 14], the mannose
receptor (MR), CD206 [15], and IL-21 receptor [16], is subset specific and likely shapes the
function of the different macrophage populations. Furthermore, it has been reported that
signaling molecules such as STAT6 [13] and Akt1 and 2 [17] contribute to the polarization
of macrophages into their subsets. Recent studies have reported that mice deficient for
IL-4Rα, in which both the heteroreceptor (IL-4Rα/IL-13Rα1) and the conventional IL-4R
(IL-4Rα/γ) are non-functional, manifest a bias towards M1 phenotype [18]. Also, mice
deficient for IL-13, which usually signal through IL-4Rα/IL-13Rα1 heteroreceptor, display
a bias towards the M1 macrophage phenotype [19]. Even in human cells, knock down of
IL-13Rα1 with micro RNA converts macrophages from M2 to M1 phenotype [20]. These
observations suggest that the IL-4Rα/IL-13Rα1 heteroreceptor plays a role in macrophage
phenotype and function. Herein, we used IL-13Rα1-deficient mice [21], in which the
heteroreceptor (IL-4Rα/IL-13Rα1) is non-functional but the conventional IL-4R (IL-4Rα/γ)
is intact, to determine whether this heteroreceptor influences macrophage differentiation and
function. Furthermore, we have taken advantage of the availability of IL-13Rα1-GFP
reporter mice and the anti-IL-13Rα1 monoclonal antibody (both of which were produced in
our laboratory) [21] to gain further insight into how the heteroreceptor regulates macrophage
development and function. To our surprise, we found that IL-13Rα1 expression serves as a
surface marker for M2 macrophages and distinguishes this population from the M1 subset.
In addition, we demonstrated that IL-13Rα1 on the surface of M2 macrophage is able to
form a heterodimer with IL-4Rα and the resulting heteroreceptor sustains a strong STAT6
phosphorylation upon stimulation with IL-13, an indication of receptor functionality on M2
macrophages. In fact, receptor signaling likely contributed to the functional characteristics
of M2 macrophages, including morphological changes and adaptation to different tissues.

Results
IL-13Rα1 is predominantly expressed on dendritic cells and monocytes in both adult and
neonatal mice

The contribution of IL-13Rα1 to the development and maturation of cells of the immune
system, as well as its involvement in immune responses, remains largely undefined most
likely due to the lack of reagents that detect and/or interfere with the function of the
receptor. Recently, we generated a mouse strain in which the IL-13Rα1 gene was disrupted
[21] and used these animals for immunization with recombinant IL-13Rα1 protein to
generate a monoclonal antibody against the receptor. One hybrid clone designated as 1G3
produces a monoclonal anti-IL-13Rα1 antibody that specifically binds to CTLL-2 cells
transfected with IL-13Rα1vector, but not to non-transfected cells (Supporting Information
Fig. 1).

Previous studies have shown that IL-13Rα1 is variably expressed in adult and neonatal mice
thereby implicating this receptor in the functional discrepancies of the developing immune
system [22, 23] and among multiple cell types [21, 24]. Therefore, we analyzed receptor
expression on cells of the innate and adaptive immune system, in both adult and neonatal
mice. The findings show that cells of the adaptive immune system do not bind anti-
IL-13Rα1 antibody in either neonatal or adult mice, which indicates that the receptor is not
expressed on these cells (Supporting Information Fig. 2). However, both CD11c and CD11b
cells display receptor expression in both the neonatal and adult mice, as detected by anti-
IL-13Rα1 antibody (Fig.1A). Moreover, the findings corroborate with studies that used
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IL-13Rα1-GFP reporter mice, where GFP (IL-13Rα1) expression was evident in CD11c and
CD11b cells, but not in other cells, whether in neonatal or adult mice (Fig. 1B). Overall,
IL-13Rα1 is mostly expressed on CD11c and CD11b cells which are mostly conventional
DCs and myeloid cells.

The IL-13Rα1 chain binds IL-13 with very low affinity [25]. However, it was suggested that
IL-13Rα1 might associate with the IL-4Rα chain to form a heteroreceptor through which
both IL-4 and IL-13 can signal [25–27]. Using our new monoclonal antibody we were able
to show that cells in different organs from both adult and neonatal mice expressed IL-13Rα1
and this chain co-precipitated with IL-4Rα (Fig 1). Indeed, cell lysates from the intestine,
lung and liver of both neonatal and adult IL-13Rα1+/+ BALB/c mice stained positive with
anti-IL-13Rα1 monoclonal antibody 1G3 as analyzed by western blot (Fig. 1C). Moreover,
when IL-13Rα1 was precipitated with 1G3 antibody it was found to co-precipitate with
IL-4Rα, as is shown by the 140 kDa band detected with anti-IL-4Rα antibody (Fig. 1D).
Similarly, precipitation of IL-4Rα with anti-IL-4Rα antibody allowed co-precipitation of a
65 kDa protein that was detected with 1G3 mAb (Fig.1D). Overall, IL-13Rα1 is expressed
by many cell types in both adults and neonates, and forms a heteroreceptor with IL-4Rα.

IL-13Rα1 expression on macrophages is associated with the M2, but not M1 phenotype
The conventional IL-13R, which is formed by a complex of IL-13Rα1 and IL-13Rα2
subunits, is generally thought of as a decoy receptor, which may act to sequester circulating
IL-13 cytokine [28, 29]. On the other hand, it was suggested that much of the signaling
function of IL-13 is carried out through the IL-13Rα1/IL-4Rα type II heteroreceptor [30].
Since this heteroreceptor is mainly expressed on CD11b+ cells, a population that is rather
diverse in phenotype and function, we sought to investigate the role IL-13Rα1 plays on the
phenotypic and functional assortment of these cells. To this end, spleen cells from
IL-13Rα1-GFP reporter mice were stained with anti-CD11b antibody, and IL-13Rα1
expression was analyzed on CD11b-gated cells. Interestingly, the results show a bimodal
expression of IL-13Rα1 among CD11b+ cells from adult and neonatal mice (Fig. 2A). In
fact, among neonatal CD11b+ cells, IL-13Rα1 was expressed on 40% of the population,
while in adults, receptor expression was displayed on about 50% of the cells. Thus, in
neonates as well as adult animals about half of CD11b+ cells express the receptor while the
other half do not. To determine whether IL-13Rα1 expression is associated with a particular
Macrophage phenotype, the CD11b+ splenic cells were stained for F4/80, a marker that
distinguishes Macrophage phenotype on the basis of anatomic location, and IL-13Rα1
expression was analyzed on CD11bhiF4/80lo white pulp- and CD11bloF4/80hi red pulp-
splenic macrophages. The results clearly show that IL-13Rα1 is expressed on the
CD11bhiF4/80lo white pulp macrophages (Fig. 2B). Besides distinction on the basis of
localization, macrophages can be further divided into M1 and M2 on the basis of marker
expression such as IL-4Rα, FcγR, FcεRII, mannose receptor (MR), IL-33 receptor (ST2L)
and IL-12Rβ2 [1–3]. We then tested CD11b+ F4/80+IL-13Rα1+ macrophages for the
expression of these markers in comparison with IL-13Rα1− (CD11b+ F4/80+IL-13Rα1−)
cells. The results show that CD11b+F4/80+IL-13Rα1+ macrophages have higher expression
of IL-4Rα (MFI of 198 vs. 23), FcγRII/III (MFI of 228 vs. 108), FcεRII, (MFI of 42 vs. 2)
and MR (34 vs. 4) relative to CD11b+F4/80+IL-13Rα1− macrophages (Fig. 2C). Compiled
results from 3 experiments showed that the results are statistically significant and confirmed
that IL-13Rα1 expression is associated with the M2 phenotype of macrophages. Moreover,
expression of IL-12Rβ2, which is usually associated with the M1 phenotype, is expressed at
a much higher level on the CD11b+F4/80+IL-13Rα1− population, relative to
CD11b+F4/80+IL-13Rα1+ macrophages (MFI of 62 vs. 5) (Fig. 2C). ST2L (IL-33Rα)
expression, which is associated with the M2b Macrophage subtype [31], was not detected on
either type of macrophages (Fig. 2C).
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Given that M2, but not M1, macrophages express IL-13Rα1, and that this chain associates
with IL-4Rα to form the type II heteroreceptor through which both IL-4 and IL-13 can
signal, we sought to determine whether M2 macrophages utilize the heteroreceptor to carry
out functions usually associated with their phenotype. Accordingly,
CD11b+F4/80+IL-13Rα1+ splenic cells were isolated by FACS and briefly stimulated with
either IL-4 or IL-13 cytokines. Subsequently, the levels of Arg1 and DCSIGN (SIGNR3)
transcripts, which are known to be elevated in functional M2 macrophages [32], were
assessed by RT-qPCR. The results showed that both Arg1 and DCSIGN transcripts are
significantly increased in CD11b+F4/80+IL-13Rα1+, relative to CD11b+F4/80+IL-13Rα1−

macrophages (Fig. 2D). In contrast, LPS, which is known to stimulate inducible nitric oxide
synthase (iNOS) expression in M1 macrophages [33], significantly increases iNOS
expression in CD11b+F4/80+IL-13Rα1− (M1) macrophages, relative to
CD11b+F4/80+IL-13Rα1+ (M2) macrophages (Fig. 2D). Furthermore, analysis of MHC-II
and costimulatory molecule expression showed that IL-13Rα1+ macrophages have a pattern
of MHC-II and co-stimulatory molecule expression typical of M2 macrophages, while
IL-13Rα1− cells express these molecules at lower levels reminiscent of M1 macrophages
(Fig. 3A). These findings suggest that IL-13Rα1+ cells would be efficient in phagocytosis
and Ag presentation, as is the case for M2 macrophages [2, 34]. In addition, IL-13Rα1−

macrophages emanating from IL-13Rα1+/+ mice that possess the potential for receptor up-
regulation remained IL-13Rα1-negative upon stimulation with LPS or IL-4/IL-13 (Fig. 3B).
However, IL-13Rα1+ macrophages remained IL-13Rα1-positive under either stimulation
condition (Fig. 3B). Thus, expression, or the lack thereof, of IL-13Rα1 upon Macrophage
phenotype commitment is stable, suggesting that the receptor serves as a reliable marker for
the subset. Overall, IL-13Rα1+ macrophages display a gene and surface expression profile
typically associated with M2 macrophages.

IL-13Rα1+ macrophages display functional traits associated with M2 type macrophages
Since M1 macrophages are generally regarded as inflammatory, while M2 macrophages are
considered anti-inflammatory, we tested both IL-13Rα1+ (M2 phenotype) and IL-13Rα1−

(M1 phenotype) subsets for production of inflammatory cytokines and for the ability to carry
out phagocytic function. The results indicated that both neonatal and adult
CD11b+F4/80+IL-13Rα1+ macrophages produce significant amounts of the anti-
inflammatory cytokine IL-10, but lower levels of the pro-inflammatory cytokines IL-12,
TNFα and IL-6 upon stimulation with LPS as compared with control media (Fig. 4A and B).
In contrast, CD11b+F4/80+IL-13Rα1− macrophages produce higher levels of the pro-
inflammatory cytokines IL-12, TNFα, and IL-6, but very little IL-10 (Fig. 4A and B).
Moreover, since IL-13Rα1+ macrophages express significant levels of the mannose receptor
(MR), we envisioned that they would be highly phagocytic as has been previously shown for
M2 macrophages [35]. To test this premise we sorted CD11b+F4/80+IL-13Rα1+ and
CD11b+F4/80+IL-13Rα1− macrophages, and evaluated their ability to phagocytize opsonin-
coated zymosan bio-particles. The results showed that the phagocytic activity of IL-13Rα1+

macrophages is significantly higher than that of the IL-13Rα1− macrophages, both in vitro
and in vivo (Fig. 4C). Indeed, the MFI observed with IL-13Rα1+ macrophages is 2.5-fold
higher than the MFI obtained with IL-13Rα1− macrophages, indicating that the former are
much more effective at ingesting the zymosan bio-particle in vitro (Fig. 4C, left panel).
Similarly, the IL-13Rα1+ macrophages ingested threefold more Texas Red zymosan bio-
particles than their IL-13Rα1− counterparts in vivo (Fig. 4C, right panel). In addition, since
M1 macrophages produce IL-12 and polarize naïve T cells towards Th1, while M2
macrophages support development of Th2 cells [5], we tested both IL-13Rα1+ and
IL-13Rα1− macrophages for their ability to stimulate naïve T cells towards differentiation
along the Th1 and Th2 pathways. To this end, OVA323-329-specific TCR transgenic OT-II
CD4+ T cells [36] were cultured with CD11b+F4/80+IL-13Rα1+ or
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CD11b+F4/80+IL-13Rα1− macrophages in the presence of OVA323-329 peptide, and the
production of IL-4 and IFN-γ was measured by ELISA. The results show that IL-13Rα1+

macrophages induce Th2-cell differentiation, while IL-13Rα1− macrophages support Th1-
cell differentiation (Fig. 4D). Indeed, in the culture with IL-13Rα1+ macrophages there was
significant production of IL-4, relative to OVAp-loaded IL-13Rα1− macrophages. Also,
IL-4 production was much higher than with IL-13Rα1+ cells loaded with the control
hemagglutinin (HA) peptide, or with T cells stimulated with OVAp without any
macrophages (Fig. 4D, right panel). In contrast, co-culture experiments produced
significantly higher IFNγ when OVAp was presented by IL-13Rα1− versus IL-13Rα1+

macrophages (Fig. 4D, left panel). Overall, IL-13Rα1+ macrophages produce IL-10, display
efficient phagocytic functions, and polarize T cells towards Th2 cells as usually observed
with M2 macrophages.

IL-13Rα1 expression influences macrophage differentiation
The association of IL-13Rα1 expression with the M2 macrophage phenotype raises the
question as to whether receptor expression influences the differentiation of BM myeloid
progenitors into M2 macrophages. It is well known that GM-CSF and M-CSF promote
macrophage differentiation into M1 and M2 phenotypes, respectively [37]. We used these
cytokines to differentiate BM cells isolated from IL-13Rα1+/+ and IL-13Rα1−/− mice into
macrophages to test whether IL-13Rα1 contributes to lineage commitment. The results show
that BM cells from IL-13Rα1+/+ and IL-13Rα1−/− mice cultured with M-CSF yield about
equivalent numbers of CD11b+F4/80+ macrophages (Fig. 5A). Among these macrophages,
both MR and IL-4Rα are expressed at a similar level, suggesting that IL-13Rα1 does not
play a significant role in M2 differentiation (Fig. 5A). However, when BM cells were
stimulated with GM-CSF, there was a higher frequency of CD11b+F4/80+ macrophages
among IL-13Rα1− cultures, compared with IL-13Rα1+/+ BM donors (Fig. 5B). Moreover,
when the macrophages were analyzed for phenotypic markers, BM cells from IL-13Rα1−/−

mice cultured with GM-CSF, which drives M1 differentiation, had much higher expression
of IL-1R and IL-12Rβ2 (M1 phenotype), compared with IL-13Rα1+/+ mice suggesting that
IL-13Rα1 expression influences the differentiation of M1 macrophages (Fig. 5B). Since
there was no differential expression of MCSF-1R or GM-CSFRα among IL-13Rα+ and
IL-13Rα1− granulocyte-macrophage progenitor (GMP), it is likely that macrophage
differentiation into phenotypic subsets is influenced by IL-13Rα1 expression (Supporting
Information Fig. 3). In addition, iNOS transcription is observed in GM-CSF/IL-13Rα1−/−

BM culture and is unaffected by IL-13, perhaps due to the lack of functional IL-13Rα1/
IL-4Rα heteroreceptor. However, in the presence of IL-4, iNOS transcription was reduced to
a minimal level, as the conventional IL-4R remains intact in these cells (Fig. 5C).
Furthermore, in the GM-CSF/ IL-13Rα1+/+ BM culture, iNOS gene expression was much
lower in comparison to the IL-13Rα1−/− BM culture. These results suggest that IL-13Rα1
influences both differentiation and function of M1 macrophages. Similarly, the GM-CSF
differentiated culture from IL-13Rα1−/− BM cells had increased M1-associated cytokines
such as IL-12, TNFα and IL-6 upon stimulation with LPS, while IL-10 was equivalent in
both IL-13Rα1−/− and IL-13Rα1+/+ cultures (Fig. 5D). Again, these data implicate
IL-13Rα1 in the differentiation and function of M1 macrophages, especially since M-CSF/
IL-13Rα1−/− cultures stimulated with LPS do not produce an altered cytokine profile,
compared with IL-13Rα1+/+ derived cultures (Fig. 5D). Overall, IL-13Rα1 influences
macrophage differentiation by limiting the generation of M1 macrophages.

IL-13 induces STAT6 phosphorylation and unique morphological changes in IL-13Rα1+/+

macrophages
IL-13Rα1 is expressed on M2 macrophages and likely forms a heteroreceptor by association
with IL-4Rα, through which both IL-4 and IL-13 signal and trigger activation and function.
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To test these premises, we began by assessing expression of the IL-4Rα/IL-13Rα1
heteroreceptor, as well as conventional IL-4R (IL-4Rα/γ) on M2 macrophages. The results
in Figure 6A show that immunoprecipitation of IL-13Rα1 with anti-IL-13Rα1 antibody
pulled down IL-4Rα from IL-13Rα1+ M2 macrophages, but not IL-13Rα1− macrophages,
indicating that the former express IL-4Rα/IL-13Rα1 heteroreceptor. Similarly
immunoprecipitation of IL-4Rα with anti-IL-4Rα antibody pulled down IL-13Rα1 from
IL-13Rα1+ M2 macrophages, but not IL-13Rα1− macrophages, providing confirmation that
M2 macrophages express the heteroreceptor. The fact that IL-4Rα precipitation pulled down
the internal control common γ chain in both IL-13Rα1+ and IL-13Rα1− macrophages,
indicates that the differential precipitations are not related to inaccurate sample loading (Fig.
6A). These results indicate that M1 macrophages express the conventional receptor
(IL-4Rα/γ) while M2 macrophages express both receptors (conventional IL-4Rα/γ and
heteroreceptor IL-4Rα/IL-13Rα1).

The heteroreceptor on IL-13Rα1+ M2 macrophages is functional, because IL-13 induces
significant phosphorylation of STAT6. Indeed, incubation with IL-13, which binds only the
heteroreceptor, induces significant STAT6 (Y641) phosphorylation in IL-13Rα1+ M2
macrophages (Fig. 6B). No significant STAT6 phosphorylation was observed with
IL-13Rα1− macrophages, which express the conventional IL-4 receptor, but not the
heteroreceptor (Fig. 6B, lower panel). Incubation with IL-4 induced STAT6 (Y641)
phosphorylation in both IL-13Rα1+ and IL-13Rα1− macrophages, as both cells express the
conventional IL-4 receptor, but was slightly higher in IL-13Rα1+ macrophages (Fig. 6C).
The greatest effect on STAT6 phosphorylation was seen in IL-13Rα1+ macrophages upon
addition of IL-13 as compared with IL-13Rα1− macrophages, which did not phosphorylate
STAT6. When the heteroreceptor is present, greater STAT6 phosphorylation is achieved, as
IL-13 induces much higher STAT6 phosphorylation in IL-13Rα1+ macrophages than IL-4
despite the fact that unphosophorylated STAT6 levels are similar with both cytokines (Fig.
6C). This is supported by the observation that IL-4 stimulation reduces pSTAT6 in
IL-13Rα1− macrophages, which express the conventional IL-4R only. The bar graphs
showing integrated density compiled from 2 different experiments confirm that the stronger
IL-13-induced STAT6 phosphorylation in M2 macrophages is related to heteroreceptor
expression (Fig. 6C, lower panel). Overall, these results demonstrate functional IL-13
signaling through the heteroreceptor in IL-13Rα1+ macrophages, which more efficiently
phosphorylates STAT6 than signaling through the conventional IL-4 receptor.

This signaling pathway also plays a role in the morphological shaping of macrophages
during differentiation. Indeed, in the presence of IL-13, GM-CSF-driven differentiation of
macrophages displayed a significantly increased number of fibroblast-like or spindle-shaped
macrophages when the BM cells were derived from IL-13Rα1+/+ relative to IL-13Rα1−/−

mice (Fig. 7). However, in the presence of IL-4, the number of spindle-shaped macrophages
were at background level whether the BM cells were from IL-13Rα1+/+ or IL-13Rα1−/−

mice (Fig. 7). Thus, IL-13 signaling through the heteroreceptor likely influences GM-CSF-
driven macrophage differentiation.

Discussion
The present study demonstrated that IL-13Rα1 expression serves as a marker for M2
macrophages and influences their function. macrophages, which represent a heterogeneous
population of cells with a wide range of phenotypic plasticity, play a major role in the
development of innate and specific immunity, as well as in the resolution of inflammatory
processes, among many other attributes [1]. Due to their functional heterogeneity and
diverse anatomic localization, macrophages have been classified into subsets and termed
with a variety of nomenclature [2, 38, 39]. Lately, macrophages were classified into 2 major
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subsets, with the M1 population as inflammatory and the M2 subset as anti-inflammatory [1,
2]. Generally, these designations were based on the expression of cell surface markers, the
factors required for their differentiation, and/or the function of cytokines produced by the
cells [1, 2, 40]. Herein, we demonstrate that IL-13Rα1 expression clearly distinguishes M2
(IL-13Rα1+) from M1 (IL-13Rα1−) macrophages. In addition, we show that the IL-13Rα1
chain associates with IL-4Rα to form a heteroreceptor that plays an important role in the
differentiation, as well as in the function of M2 macrophages. Indeed, IL-13Rα1+

macrophages express surface markers that are usually associated with the M2 phenotype,
including IL-4Rα, MR, FcγR and FcεRII [1, 2, 40], while IL-13Rα1− macrophages
consistently display significant expression of IL-12Rβ2, which serves as a marker for M1
macrophages [6, 7, 12]. Aside from surface marker expression, IL-13Rα1+ macrophages
express a functional IL-13Rα1/IL-4Rα heteroreceptor through which both IL-4 and IL-13
ligands stimulate up-regulation of genes characteristic of M2 cells, including Arg1 and DC-
SIGN. This corroborates well with previous reports, which show Arg1 mRNA expression in
macrophages is induced by IL-4 and IL-13 [41], which may be explained by expression of
the heteroreceptor. IL-13Rα1− macrophages, however, lack expression of a functional
heteroreceptor, are not able to utilize IL-13 for signaling, and thus fail to up-regulate either
gene. In contrast, when IL-13Rα1− cells are stimulated with LPS, they up-regulate iNOS
transcription, a characteristic associated with M1 macrophages [33, 42].

Further investigation revealed that when IL-13Rα1+ macrophages are stimulated with LPS,
they produce IL-10, a functional hallmark of M2 macrophages, while IL-13Rα1− cells
produce IL-6, IL-12, and TNFα inflammatory cytokines, which are functional attributes of
M1 macrophages. IL-13Rα1+ macrophages are capable of inducing naïve CD4+ T cell
differentiation towards the Th2 phenotype and exhibit enhanced phagocytic activity relative
to IL-13Rα1− macrophages, which is characteristic of M2 macrophages [5].

Besides serving as a marker for M2 macrophages, IL-13Rα1 and the resulting
heteroreceptor play a major role in the differentiation of macrophages from stem cells.
Indeed, BM from IL-13Rα1−/− mice quantitatively yield more macrophages than stem cells
from IL-13Rα1+/+ mice upon stimulation with GM-CSF. The majority of the resultant
macrophages from IL-13Rα1− BM display an M1 phenotype, which suggests that in the
absence of the heteroreceptor, M1 differentiation is more effective. Furthermore, stimulation
with M-CSF yields a near equal number of macrophages in both strains and the frequency of
M1 and M2 subsets was similar. Addition of cytokines to the differentiation cultures
confirms signaling through the conventional IL-4R in IL-13Rα1-deficient macrophages, as
evidenced by diminished iNOS gene expression with IL-4, but not IL-13 cytokine.
Alternatively, both IL-4 and IL-13 seem to reduce differentiation into M1 macrophages
when the BM cells originate from IL-13Rα1+/+ mice. The role of heteroreceptor expression
in the differentiation and function of macrophages is further supported by the observation
that IL-13Rα1−/− (M1) macrophages produce pro-inflammatory cytokines upon stimulation
with LPS, while IL-13Rα1+/+ macrophages secrete the anti-inflammatory cytokine IL-10,
which is in line with previous reports [43]. The role of the heteroreceptor in the function of
M2 macrophages seems to be mediated through STAT6, based on the data that show similar
degrees of STAT6 phosphorylation among IL-13Rα1+ and IL-13Rα1− with IL-4, both of
which express the conventional IL-4 receptor (IL-4Rα/γc). However, when similar cultures
are incubated with IL-13, the heteroreceptor expressed on IL-13Rα1+, but not IL-13Rα1−

macrophages, triggers much higher STAT6 phosphorylation. The IL-13- heteroreceptor-
mediated STAT6 phosphorylation produced spindle-shaped morphology in the M2 subset, a
characteristic associated with M2 macrophages [44, 45]. IL-4 though, did not produce this
morphology suggesting that its signaling through the heteroreceptor operates through a
pathway distinct from IL-13 and thus has no effect on M2 Macrophage morphology.
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Overall, this study identifies IL-13Rα1 as an additional cell surface marker of M2
macrophages and implicates the IL-13Rα1/IL-4Rα heteroreceptor in their differentiation
and effector function. Given that M2 macrophages are involved in many clinical settings,
targeting the heteroreceptor in these cells may prove useful against allergic and
inflammatory diseases [46–50].

Materials and methods
Mice

C57BL/6 OTII mice, expressing a transgenic TCR specific for ovalbumin 323–339
(OVA323-339), have been described previously [36]. IL-13Rα1-GFP C57BL/6 mice
expressing GFP under the control of IL-13Rα1 promoter, and IL-13Rα1-deficient C57BL/6
mice in which IL-13Rα1 gene expression was disrupted by deletion of exon 7, 8, and 9 have
been previously described [21]. C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). All mice were bred and maintained in our animal care facility
for the duration of the experiments. All experimental procedures were performed according
to the guidelines of the University of Missouri animal care and use committee.

Antigens
OVA323–339 peptide (SQAVHAAHAEINEAGR) was purchased from EZBiolab
(Westfield, IN).

Production of extracellular IL-13Rα1
IL-13Rα1 cDNA encoding the extracellular domain of IL-13Rα1 (aa 27–339) with an N-
terminal His tag was liberated from pQE-30 plasmid [51] by digestion with SphI and XhoI to
liberate cDNA. This fragment was ligated into pFastBac plasmid (Invitrogen, Carlsbad, CA)
to generate pFastBac-IL-13Rα1-EC, which was then used to generate baculovirus and to
express extracellular IL-13Rα1 in both Sf9 and HiFive cells. IL-13Rα1 was purified using
Ni-NTA agarose beads from QIAGEN. The elution fraction was tested for IL-13Rα1 by a
Western blot using anti-RGS- HIS antibody (Qiagen) or by Coomassie stain.

Generation of the CTLL-2-MIG-IL-13Rα1 cell line
IL-13Rα1 cDNA was amplified from mRNA extracted from intestinal epithelium of BALB/
c mice and cloned into the retroviral vector pMSCV-IRES-GFP (pMIG) [52]. To generate
intact virus, 293 cells were transfected with pMIG-IL-13Rα1, or pMIG alone, with a
packaging plasmid that allows 293 cells to release virions into the supernatant. IL-2-
dependent CTLL-2 cells (a gift from Dr. Paul Allen, Washington University School of
Medicine, St. Louis, MO) were infected with virion-laden supernatant from the 293 cells
and GFP+ (CTLL-2-IL-13Rα1+) cells were purified using a MoFlo XDP sorter (Beckman
Coulter, Fullerton, CA). CTTL-2 cells expressing truncated IL-13Rα1[53] were used for
hybrid screening.

Generation of anti-IL-13Rα1 mAb 1G3
IL-13Rα1−/− BALB/c mice [21] were immunized subcutaneously (s.c.) in the footpads and
axilla with 50 µg extracellular IL-13Rα1 emulsified in 200 µL phosphate buffered saline
(PBS)/complete Freund’s adjuvant (CFA) (v/v). Mice were given a booster injection three
weeks later with 50 µg of IL-13Rα1 emulsified in 200 µl PBS/IFA (v/v). Three days prior to
fusion, mice were given 10 µg of IL-13Rα1 in PBS, intravenously (i.v). Spleen cells were
fused with SP2/0 non-secreting myeloma cells using standard protocols. The hybridomas
were then selected in HA media and 7-10 days after fusion supernatants were harvested and
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screened against CTLL-2-IL-13Rα1+ cells. Positive wells were cloned by limiting dilution
and one clone designated 1G3 (IgG1, k), was selected for the study.

Antibodies
The antibodies used in this study were purchased from BD Biosciences, eBioscience, or
R&D systems: anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD3 (500A2), F4/80 (BM8),
anti-FcγRII/III (cl93), anti-c-Kit (CD117; 2B8), anti-CD11b (M1/70), anti-CD19 (1D3),
anti-CD16/32 (2.4G2), anti-CD11c (HL3), anti-IL-4Rα (mIL4R-M1), anti-FcεRII (B3B4),
anti-Ly-6G (RB6-8C5), anti-Ly6-C (HK1.4), anti-CD206(CO68C2), SiglecF (E50-24440),
anti-pSTAT6 (pY641), anti-CD121a (Type1/P80), anti-I-Ab (NIMR-4), anti-CD80
(16-10A1), anti-CD86 (PO3.1), ST2L anti-IL-33 (FAB10041A), anti-IL-12Rβ2 (FAB
1959P), B220 (RA3-6B2) and FcεR1α (MAR-1).

Staining of CTLL-2-IL-13Rα1+ cells with purified anti-IL-13Rα1 mAb, 1G3
CTLL-2-IL-13Rα1+ cells (3 × 106 cells per well) were incubated with FcR blocking reagent
(Miltenyi biotech) and purified 1G3 mAb (2 µg/mL) was added and incubated on ice for 30
minutes. Subsequently, excess antibody was removed by washing cells with buffer and
bound anti-IL-13Rα1 antibody was detected with goat anti-mouse IgG (Fab')2-PE (1 µg/
well). Antibody binding to the cells was determined by flow cytometry on a CyAn ADP
analyzer (Beckman Coulter, Fullerton, CA) using FlowJo software version 8.8.6 (Tree Star).

Detection of IL-13Rα1 expression on adult and neonatal immune cells
Cells (1 × 106 cells/100 µL) from various organs of adult and neonatal IL-13Rα1+/+,
IL-13Rα1−/−, and IL-13Rα1+/+-GFP C57BL/6 mice were incubated with mouse IgG Fc-
fragment (Jackson ImmunoResearch) for 30 minutes on ice. Subsequently the cells were
washed twice in FACS washing buffer and stained with antibodies against B220, CD3, CD4,
NK1.1, FcεR1α, c-kit, CD11c, and CD11b. Also staining with 7AAD was used to exclude
dead cells. The cells were then incubated with biotinylated anti-IL-13Rα1 (1G3) mAb (2µg/
mL) on ice for 30 minutes. Streptavidin-PE was used to detect antibody binding to
IL-13Rα1. Expression of IL-13Rα1 on each cell type was determined by gating on B220+

for B cells, CD3+CD4+ for T cells, NK1.1+ for NK cells, c-Kit− FcεR1α+ for basophils, c-
Kit+ FcεR1α+ for mast cells, CD11c+ for DCs, and CD11b+ for myeloid cells.

Analysis of IL-13Rα1 expression in different organs
Whole cell lysates were prepared from tissues isolated from adult and neonatal mice
(IL-13Rα1−/− and IL-13Rα1+/+), including intestinal epithelium, lungs, and liver, which
were run on a gradient (4–12%) polyacrylimade NuPAGE gel, transferred onto
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA) and blotted with
anti–IL-13Rα1 mAb (IG3) and anti-β-actin (Abcam, Cambridge, MA) primary Abs. β-actin
levels were used as loading controls. Goat anti-mouse IgG-HRP (Santa Cruz Bio) was used
as secondary Abs.

Analysis of cytokine induced STAT6 phosphorylation
Purified CD11b+F4/80+IL-13Rα1+ (M2) and CD11b+F4/80+IL-13Rα1− (M1) macrophages
(5 × 104/well) were stimulated with rIL-4 (30 ng), rIL-13 (30 ng), or medium alone for 30
minutes at 37°C in the presence of phosphatase inhibitors. NP40 cell lysates were then
prepared and run on a gradient (4–12%) polyacrylimade NuPAGE gel. After transfer onto
PVDF membrane, blotting was carried out with rabbit anti-STAT6, rabbit anti-pSTAT6
(Y641, Cell Signaling) and mouse anti-β-actin (2F1-1, Biolegend) primary Abs. Anti-rabbit
IgG-HRP (Cell Signaling) and goat anti-mouse IgG-HRP (Sc-2005, Santa Cruz Bio.) were
used as secondary Abs.
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Co-immunoprecipitation
Intestinal epithelial cells from adult IL-13Rα1−/− and IL-13Rα1+/+ mice were lysed and
incubated with purified anti-IL-4Rα (1 µg) (mIL4R-M1, BD Pharmingen), anti-IL-13Rα1 (2
µg) (1G3), or anti-β actin (0.5 µg) (2F1-1, Biolegend) at 4°C overnight. Protein G-Sepharose
(Invitrogen) was then added for 1 h. The samples were spun down and the pellets were
resuspended in NP0007 buffer (Invitrogen), boiled at 95°C for 5 minutes, and run on a
gradient (4–12%) polyacrylimade NuPAGE gel. After transfer onto PVDF membrane,
blotting was performed with anti-IL-13Rα1 (1G3), anti-IL-4Rα (mIL4R-M1), or anti-β actin
primary antibodies. Goat anti-mouse IgG-HRP (Sc-2005) and goat anti-rat IgG-HRP
(Sc-2006) were used as secondary antibodies (Santa Cruz Bio).

Cell sorting
Splenocytes from IL-13Rα1+/+-GFP neonatal and adult mice were stained with antibodies to
CD11b, CD11C, and F4/80. CD11b+F4/80+ GFP+ (IL-13Rα1+) and CD11b+F4/80+ GFP−

(IL-13Rα1−) macrophages were sorted on a Beckman Coulter MoFlo (Brea, CA), and only
those with a purity of 95% or higher were used.

Differentiation of bone marrow cells into macrophages
This was performed according to previously described procedures [37]. Briefly, bone
marrow cells were harvested from the femur of adult mice, filtered to remove bone
fragments, and the RBCs were lysed. The cells were then washed, resuspended in culture
media and incubated with either GM-CSF (10 ng/mL) or M-CSF (20 ng/mL). Seven days
later, adherent cells were purified by positive selection using CD11b-conjugated magnetic
beads and the MACS separation system (Miltenyi Biotec, Germany).

Cytokine ELISA
IL-4, IL-6, IL-10, IL-12, IFN-γ and TNF-α were detected according to BD Pharmingen’s
(San Jose, CA) standard protocol using anti-cytokine antibodies. The OD450 was read on a
SpectraMax 190 counter (Molecular Devices, Sunnyvale, CA) and analyzed using
SOFTmax PRO 3.1.1 software. Graded amounts of recombinant cytokine were included for
construction of the standard curve. Cytokine concentration was extrapolated from the linear
portion of the standard curve.

Phagocytosis Assay
In vitro. Texas Red-conjugated zymosan A (S. cerevisiae) bioparticles (Z2843, Life
Technologies) were used for phagocytosis assay as previously described [54]. Briefly,
zymosan bioparticles were incubated with purified zymosan-specific rabbit polyclonal IgG
antibodies for 1 h at 37°C for complex formation. Meanwhile, sorted CD11b+F4/80+

IL-13Rα1+ and IL-13Rα1− macrophages (10 × 104/well) were cultured in 96-well plates for
1 h at 37°C for adherence. The opsonin-bound bioparticles (1 × 104/well ) were then
transferred to the culture and the incubation continued for 3 hrs. The cells were then
detached and surface attached bioparticles were quenched by trypan blue solution.
Phagocytized bioparticles were analyzed by flow cytometry.

In vivo. Texas-Red zymosan bioparticles (1 × 104 bioparticles in PBS/mouse) were injected
intravenously into IL-13Rα1+/+-GFP mice for complement receptor-mediated
internalization. After 24 hrs, splenocytes were harvested, stained with anti-CD11b, anti-
CD11c, and anti-F4/80 antibodies and CD11b+ F4/80+IL-13Rα1+ macrophages were
analyzed for presence of Texas-Red bioparticles by flow cytometry in comparison with
CD11b+ F4/80+IL-13Rα1− macrophages.
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T cell priming in vitro
Splenocytes from OTII mice were depleted of CD11c+ and CD11b+ cells and OVAp-
specific CD4+ T cells were purified by positive selection on anti-CD4 antibody coupled
microbeads (Miltenyi). The CD4+ T cells (3 × 105 cell per well) were then stimulated with
irradiated CD11b+F4/80+IL-13Rα1+ or CD11b+F4/80+ IL-13Rα1− (3 × 104 cell per well)
macrophages in presence of 10 µM OVA or HA peptide for 72 hrs. IL-4 and IFN-γ in
culture supernatant were measured by ELISA.

RT-qPCR
IL-13Rα1+/+ and IL-13Rα1−/− C57BL/6 mice were used for generation of bone marrow-
derived macrophages as well as for purification of splenic macrophages. The cells were
stimulated either with media (Nil), IL-4 (30 ng/mL), IL-13 (30 ng/mL) or LPS (100 ng/mL)
for 3 hrs and RNA was extracted using TRIZOL (Invitrogen/Life Technology, Carlsbad,
CA). Quantitative RT-PCR was performed using the QantiTect Reverse Transcription kit
from Qiagen (Valencia, CA) and StepOne Instrument Cycler (Applied Biosystems). The
primers used were: iNOS: Forward 5’-CCAAGCCCTCACCTACTTCC-3’, Reverse 5’-
CTCTGAGGGCTGACACAAGG-3, DCSIGN: Forward 5’-
GGGAATTCAGAGTGGGGTGACATGAGTGAC-3’, Reverse 5’-
CCCCAAGCTTGTGAAGTTCTGCTACGCAGGAG-3’, Arg 1: Forward 5’-
CTCCAAGCCAAAGTCCTTAGAG-3’, Reverse 5’-AGGAGCTGTCATTAGGGACATC-3’,
GADPH: Forward 5’-AACTTTGGCATTGTGGAAGG-3’, Reverse 5’-
GGATGCAGGGATGATGTTCT-3.

Statistical Analysis
Data were analyzed using unpaired two-tailed Student t test using Prism Software v4.0c
(Graphpad). Data were considered statistically significant when p < 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Arg1 arginase 1

7AAD 7-aminoactinomycin D
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IL-4Rα IL-4 receptor alpha

IL-13Rα1 IL-13 receptor alpha1

Macrophage macrophage
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Figure 1.
IL-13Rα1 is expressed on various cell types and forms a heteroreceptor with the IL-4Rα
chain. Splenic cells from IL-13Rα1+/+, IL-13Rα1−/− and IL-13Rα1-GFP reporter neonatal
and adult C57BL/6 mice were stained for basophil, mast cell, dendritic cell, and macrophage
markers. (A) Cells from IL-13Rα1+/+ and IL-13Rα1−/− mice were also stained with an anti-
IL-13Rα1 monoclonal antibody and 7AAD, and IL-13Rα1 expression was analyzed on live
cells (7AAD−), gated on the indicated cell type. (B) Splenic cells from IL-13Rα1-GFP
reporter neonatal and adult C57BL/6 mice were stained with 7AAD but not with anti-
IL-13Rα1 monoclonal antibody and IL-13Rα1 expression was determined by analysis of
GFP expression on live cells (7AAD−) gated on the indicated cell type. Numbers represent
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the percentage of cells expressing IL-13Rα1. Results obtained with cells pooled from 2 mice
are shown and are representative of 4 independent experiments. (C) Expression of IL-13Rα1
in intestinal, lung and liver cells of neonatal and adult IL-13Rα1+/+ BALB/c mice as
determined by western blot using an anti-IL-13Rα1 mAb. Intestinal epithelial cells from
adult and neonatal IL-13Rα1−/− mice were included as a negative control. Results show
samples from 2 mice and the data are representative of 3 independent experiments. (D)
Immunoprecipitation (IP) of the heteroreceptor by anti-IL-4Rα and western blotting (WB)
of IL-13Rα1 with anti-IL-13Rα1 Ab (top). For control purposes, equivalent amounts of
lysate were subjected to IP with anti-β-actin antibody and blotted with the same antibody. In
the bottom panel, the heteroreceptor immunoprecipitated with anti-IL-13Rα1 and IL-4Rα
was blotted with anti-IL-4Rα Ab. (B, C) β-actin was used as a loading control. Intestinal
cells from IL-13Rα1−/− BALB/c mice were included as negative control. The data are
representative of three independent experiments obtained with cells pooled from 2 mice per
experiment.
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Figure 2.
IL-13Rα1 expression is associated with M2 Macrophage phenotype. (A) Splenocytes pooled
from 3 adult or neonatal IL-13Rα1+/+-GFP mice were stained with anti-CD11b antibody and
IL-13Rα1 expression on CD11b+ cells was analyzed by flow cytometry. The bar graphs
show the mean percentage of CD11b+ cells ± SD from 3 independent experiments. (B)
Splenocytes from individual adult IL-13Rα1+/+-GFP mice were stained with anti-CD11b
and anti-F4/80 antibodies and the different subsets of macrophages were identified by flow
cytometry, on the basis of CD11b and F4/80 expression (left). The right panel shows GFP
(IL-13Rα1) expression on CD11bhiF4/80Lo and CD11bLoF4/80hi macrophages. The
numbers indicate the mean percent ± SD of IL-13Rα1 expression compiled from five

Dhakal et al. Page 17

Eur J Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



individual mice. Data are representative of 3 independent experiments. (C) Splenocytes
pooled from 2 IL-13Rα1+/+ adult C57BL/6 mice were stained for CD11b, F4/80, IL-4Rα,
FcγR (II/III), FcεRII, mannose receptor (MR), ST2L (IL-33R), and IL-12Rβ2 and analyzed
by flow cytometry. The cells gated on CD11b and F4/80 were analyzed for expression of the
indicated markers (open histograms) and plotted relative to the corresponding isotype (filled
histograms). The numbers in the upper right corners indicate the MFI for each marker. Bar
graphs in the lower panel show the mean ± SD of MFI for the indicated markers compiled
from 4 experiments. (D) Purified splenic CD11b+F4/80+IL-13Rα1+ and
CD11b+F4/80+IL-13Rα1− macrophages (5 × 104 cells/well) were stimulated with IL-4,
IL-13, LPS or media alone (Nil) for 4 h and total RNA was extracted using Trizol. The
mRNA levels for Arg1, murine DCSIGN (SIGNR3), and iNOS were determined by RT-
qPCR as described in material and methods. Each bar represents the mean fold change ± SD
of triplicate samples in one of 3 representative experiments. *p < 0.05 (unpaired two-tailed
student t test)
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Figure 3.
IL-13Rα1 is stably expressed on macrophages that display high levels of MHC and
costimulatory molecules. Purified splenic CD11b+F4/80+IL-13Rα1+ and
CD11b+F4/80+IL-13Rα1− macrophages from IL-13Rα1+/+-GFP mice were stained for
MHC II and costimulatory molecules and analyzed by flow cytometry. (A) Expression of
MHC II, CD80 and CD86 on IL-13Rα1+ and IL-13Rα1− Macrophage populations. The
upper panel shows representative flow cytometry data from 5 experiments, while the bottom
panel shows mean ± SD of MFI data compiled from 5 experiments. *p < 0.05, ** p< 0.005
(unpaired two-tailed student t test). (B) IL-13Rα1+ and IL-13Rα1− Macrophage populations
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were stimulated with a mixture of IL-4 and IL-13 (30 ng/mL of each cytokine), or LPS (100
ng/mL) for 24 h and GFP (IL-13Rα1) expression was analyzed by flow cytometry.
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Figure 4.
IL-13Rα1+ macrophages are highly phagocytic and produce mostly IL-10. Purified
CD11b+F4/80+IL-13Rα1+ and CD11b+F4/80+IL-13Rα1− macrophages (2 × 105/well) from
(A) two adult and (B) six neonatal mice were stimulated with LPS (100 ng/mL) or media
alone (Nil) for 24 h and the amount of IL-6, IL-10, IL-12, and TNF-α in the supernatants
was measured by ELISA. Bar graphs show mean ± SD of triplicate wells from 3
independent experiments. (C) Zymosan uptake by macrophages in vitro is shown in the left
panel. Texas Red labeled zymosan bio-particles (1 × 104/well) were incubated with
CD11b+F4/80+IL-13Rα1+ or CD11b+F4/80+IL-13Rα1− macrophages (1 × 105/well) for 3 h
and ingested particles were measured by flow cytometry. The right panel shows in vivo
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zymosan uptake. Texas Red labeled zymosan bio-particles were injected i.v. into IL-13Rα1-
GFP C57BL/6 mice (1 × 104 bio-particle per/mouse) and spleen cells were harvested 24 h
later. Cells were stained with anti-CD11b and F4/80 antibodies and the CD11b+F4/80+GFP+

(IL-13Rα1+) and CD11b+F4/80+GFP− (IL-13Rα1−) cells were analyzed for zymosan bio-
particles by flow cytometry. Data is shown as mean ± SD of MFI from 3 samples in 3
independent experiments. (D) Naïve OVAp specific TCR transgenic OT-II CD4+ T cells (3
× 105 cells/well) were stimulated with irradiated IL-13Rα1+ or IL-13Rα1− macrophages (3
×104/well) (Macrophage +T) in presence of OVA or HA peptide and IL-4 or IFNγ in the
culture supernatant were measured by ELISA. OT-II CD4+ T cells incubated with OVAp
without macrophages (T) were included as a control. The bar graphs show the mean ± SD of
triplicate wells and are representative of 3 independent experiments. *p < 0.05, ** p <0.005
(unpaired two-tailed student t test).
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Figure 5.
Macrophage differentiation shifts towards an M1 phenotype in the absence of IL-13Rα1.
Bone marrow (BM) stem cells were harvested from adult IL-13Rα1−/− or IL-13Rα1+/+

(closed bars) mice and cultured in presence of the growth factor GM-CSF or M-CSF for 7
days. (A) The M-CSF culture was stained with anti-CD11b, anti-F4/80, anti-IL-4Rα, and
anti-MR. The total number of CD11b+F4/80+ (left panel) as well as the number of
CD11b+F4/80+ macrophages expressing M2 (IL-4Rα+ and MR+) phenotype (right panel)
are shown. (B) The GM-CSF culture was stained with anti- CD11b, anti-F4/80, anti-IL-1R,
and anti-IL-12Rβ2 antibodies. The total number of CD11b+F4/80+ macrophages (left panel)
as well as the number of CD11b+F4/80+ macrophages expressing M1 (IL-1R+ and
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IL-12Rβ2+) phenotype (right panel) are shown. The symbols represent individual mice and
the bars represent mean ± SD of 4 samples compiled from three independent experiments.
(C) BM stem cells were cultured with GM-CSF in the presence of media alone (Nil) or
media supplemented with either IL-4 or IL-13. After 7 days the cells were lysed, RNA was
extracted and used to measure iNOS expression by quantitative RT-PCR. The bars show
relative coefficient (RQ) of gene expression using GAPDH as baseline. The data are
presented as mean ± SD of 3 samples from 3 independent experiments. (D) GM-CSF- or M-
CSF-derived CD11b+ macrophages (5 × 105) were purified, stimulated with LPS (100 ng/
mL) or media alone (Nil) and cytokine production in the culture supernatant was measured
by ELISA. The bar graphs show the mean ± SD of triplicate wells from one of 3
representative experiments. *p < 0.05, **p < 0.001 (unpaired two tailed student t test).
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Figure 6.
STAT6 phosphorylation is greater in IL-13Rα1+ than in IL-13Rα1− (A) Purified
CD11b+F4/80+IL-13Rα1− (M1 macrophages) and CD11b+F4/80+IL-13Rα1+ (M2
macrophages) macrophages were lysed and immunoprecipitation of IL-4Rα by anti-
IL-13Rα1 antibody was performed (top). The middle and bottom lanes show
immunoprecipitation of IL-13Rα1 and the common gamma chain (γc) by anti-IL-4Rα
antibody, respectively. Experiment was repeated 2 times with similar results. . (B) Purified
M1 and M2 Macrophage (5 × 104/well) were stimulated with recombinant murine IL-4 or
IL-13 (30 ng/mL) or medium alone for 30 minutes and phosphorylation of STAT6 was
determined by (B) intracellular staining with an anti-pY641STAT6 antibody for cytokine
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stimulated cells (open histogram) compared with to cells that were cultured with media
alone (closed histogram). The number in the upper right corner indicates the MFI of
phosphorylated STAT6. The bar graphs show mean ± SEM of compiled MFI results from 3
samples in 3 independent experiments. (C) Purified M1 and M2 Macrophage were
stimulated as in (B) and STAT6 phosphorylation was determined by western blot. The top
panel shows a representative blot depicting phosphorylated (top) and unphosphorylated
(middle) STAT6 as well as the control β-actin (bottom). The bottom panel shows the mean ±
SD of integrated density for the phosphorylated STAT6 bands using data from 3 samples.
The results are representative of 2 independent experiments. *p < 0.05, **p < 0.005
(unpaired two-tailed student t test).
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Figure 7.
IL-13 induces unique morphologic changes in IL-13Rα1+ macrophages. Bone marrow (BM)
cells from adult IL-13Rα1+/+ and IL-13Rα1−/− mice were incubated with GM-CSF for 3
days to drive maturation into macrophages. The cells were then split into 3 fractions, one of
which was supplemented with media alone (Nil), the second with 30 ng/mL IL-13, and the
third with 30 ng/mL IL-4. Cell morphology was analyzed by inverted light microscopy 4
days after the addition of cytokines. (A) Shows photomicrographs taken at the end of
cultures. Arrows indicate morphological changes in macrophages. (B) Spindle shaped cells
per 104 macrophages per well were counted and the bars represent the mean ± SD of
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triplicate wells. The data are representative of 3 independent experiments. **p < 0.005
(unpaired two-tailed student t test).
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