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Abstract
Eosinophils are associated with helminth immunity and allergy, often in conjunction with
alternatively activated macrophages (AAMs). Adipose tissue AAMs are necessary to maintain
glucose homeostasis and are induced by the cytokine interleukin-4 (IL-4). Here, we show that
eosinophils are the major IL-4-expressing cells in white adipose tissues of mice, and, in their
absence, AAMs are greatly attenuated. Eosinophils migrate into adipose by an integrin-dependent
process and reconstitute AAMs through an IL-4/IL-13-dependent process. Mice on high-fat diet
develop increased body fat, impaired glucose tolerance and insulin resistance in the absence of
eosinophils, and helminth-induced adipose eosinophilia enhances glucose tolerance. Our results
suggest that eosinophils play an unexpected role in metabolic homeostasis through maintenance of
adipose AAMs.

Adipose tissue macrophages have a central role in promoting chronic low-grade
inflammation, which contributes to obesity, insulin resistance and type 2 diabetes that
characterize the metabolic syndrome (1). Although adipose macrophages from obese
animals have a classically activated inflammatory phenotype, adipose macrophages from
healthy lean mice have an alternatively activated phenotype (2). Impeding the ability of
macrophages to become alternatively activated by disrupting the nuclear hormone receptor
peroxisome proliferator-activated receptor-gamma (PPARγ) renders mice susceptible to
diet-induced obesity and glucose intolerance (3, 4). Human PPARγ loss-of-function
mutations are also associated with insulin resistance and type 2 diabetes (5). PPARγ is
induced in macrophages by IL-4 or IL-13, and promotes arginase-1 expression, one of the
signature genes in AAMs (6). In vitro studies with adipocyte cell lines suggest that
adipocytes themselves can be sources of IL-4 and IL-13 (7), but analysis of adipose tissues
in vivo are needed to ascertain more definitively the source of these cytokines.
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To begin an unbiased analysis of IL-4-expressing cells in perigonadal white adipose tissue
of mice on normal chow diet, we used IL-4 reporter mice (4get mice), which contain a
fluorescent GFP reporter downstream of an IRES element following the endogenous Il4
gene, thus facilitating recognition of IL-4-competent cells in vivo as revealed by their
fluorescence (8). To ensure minimal manipulation, we first analyzed cells spontaneously
migrating out of minced adipose tissue after overnight incubation in media. Although only
small numbers of IL-4-expressing (GFP+) CD4 T cells could be recovered, a large
population of GFP+ eosinophils, which constitutively express GFP in 4get mice (8,9), were
identified (fig. S1A). We next enzymatically digested perigonadal adipose to prepare a
stromal/vascular fraction (SVF) and recovered all IL-4-expressing cells for analysis. 90% of
the IL-4-competent cells recovered from perigonadal adipose of mice on normal chow diet
were eosinophils, with the remainder comprising small numbers of basophils, CD4 T cells
and innate helper type 2 cells (Fig. 1A, eosinophil gating in fig. S1B). Similar to the
relatively abundant adipose tissue macrophages, adipose tissue eosinophils were CD11b+
F4/80+, but were distinguished both by GFP-expression in 4get mice and by expression of
the sialic acid-binding immunoglobulin receptor, Siglec-F (fig. S1, B and C). Analysis of
adipose tissues from 4get mice with a Gata1 promoter mutation that lack eosinophils
(ΔdblGATA mice; 10) confirmed that the isolated cells were eosinophils (fig. S1D). Using
mice with a knock-in human CD2 replacement gene at the il4 start site to mark cells that
have recently secreted IL-4 protein (9), we could show that the majority of IL-4-secreting
cells in adipose were eosinophils, although the number of IL-4-secreting cells was only a
small population of the total GFP+ IL-4-competent cells (fig. S2). Eosinophils up-regulate
the inhibitory Siglec-F receptor as they move from blood into tissues (11). As compared to
blood eosinophils, adipose tissue eosinophils show increased Siglec-F expression, consistent
with tissue residence (fig. S1E). Eosinophils account for 4–5% of the adipose SVF cells,
more abundant than total adipose CD4+ T-cells (fig. S1F) or eosinophils in spleen (0.33% ±
0.08%, mean % viable cells ± SEM) or blood (2.4% ± 0.4%, mean ± SEM). Examination of
perigonadal adipose by standard histochemistry from wild-type (WT) mice identified
eosinophils in normal perigonadal fat (Fig. 1B). Flow cytometric and immunohistochemical
examination of adipose tissue from WT, eosinophil-deficient and hypereosinophilic IL-5
transgenic (IL-5tg) mice (12) confirmed that Siglec-F-positive cells with the appearance of
eosinophils were present in adipose tissue in numbers that correlated with the eosinophil
status of the mice (Fig. 1, C and D). Eosinophils were also identified in perigonadal adipose
tissue from wild-type C57BL/6 mice (Fig. 1, E and F). We noted a reciprocal relationship
between adipose eosinophils and adiposity, as eosinophils were present but reduced in
frequency in C57BL/6 mice fed high fat diet (Fig 1, E and F) or in mice with genetic obesity
secondary to leptin deficiency (ob/ob, fig S3, A and B), and adipose eosinophil numbers
correlated inversely with mouse weight (Fig 1, G and H). Tissue eosinophils with up-
regulated Siglec-F were present in perigonadal, subcutaneous, mesenteric and brown
adipose tissues; however, the frequency and absolute eosinophil numbers were highest in the
metabolically active perigonadal and mesenteric adipose (fig. S3, C and D), tissues with the
highest percentage of CD11b+/F4/80+ macrophages (perigonadal 32.4% ± 3.5%; mesenteric
20.7% ± 5.3%; brown 13.8% ± 2.3%; subcutaneous 1.2% ± 0.08%, mean ± SEM).

To determine whether eosinophils migrate into adipose tissue, we transferred splenic
eosinophils from hypereosinophilic mice (IL-5tg × 4get) to eosinophil-deficient mice. After
three days, eosinophils were recovered from lung, spleen and perigonadal fat. By seven
days, however, when eosinophils had declined substantially in lung and spleen, eosinophils
remained in stable numbers in adipose tissue (Fig. 2A) and in small intestine (fig. S4).
Adoptively transferred eosinophils recovered from adipose tissue up-regulated Siglec-F,
consistent with their tissue residence and distinct from the lower amounts of Siglec-F on
spleen eosinophils harvested at the same time (fig. S5A). To confirm that eosinophil
migration required transit from the blood to adipose tissue, we compared eosinophil
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accumulation in tissues of mice treated with antibodies that block VCAM-1- and ICAM-1-
mediated migration through α4 and αL integrins expressed on eosinophils (13). As
compared with animals receiving isotype control antibodies, anti-integrin treatment blocked
accumulation of eosinophils in adipose tissues (Fig. 2B). Conversely, in lung and spleen,
where most eosinophils retain low Siglec-F expression and presumably remain within the
abundant vasculature of these organs, eosinophils accumulated in animals treated with the
anti-integrin antibodies. Anti-integrin antibodies similarly blocked eosinophil migration into
adipose tissue after induction of endogenous eosinophilia by IL-25 administration (14; fig.
S5, B and C).

Studies of AAMs in adipose have relied on PCR-based detection of signature genes in order
to confirm the presence of these cells, but single cell analysis has not been possible.
Arginase-1 is a signature gene in mouse AAMs that is induced by IL-4 (6). We isolated cells
in perigonadal fat from YARG mice that have a fluorescent reporter introduced into the
arg-1 gene and that can used to identify alternatively activated macrophages in vivo (15, fig.
S6). In both WT and YARG mice on normal chow diet, total numbers of CD11b+F4/80+
macrophages were similar in adipose (fig. S7), and, in YARG mice, YFP+ macrophages
were detected without further manipulation (Fig. 3A, fig. S7A). We used size-gating and
Siglec-F expression to confirm that eosinophils do not express YFP fluorescence in YARG
mice (fig. S7B). In the absence of IL-4 and IL-13 (16), numbers of total adipose
macrophages remained similar (fig. S7C), but numbers of arginase-1-expressing
macrophages diminished significantly (Fig. 3, A and B), consistent with a role for these
cytokines in sustaining the phenotype of adipose AAMs under homeostatic conditions and in
agreement with prior studies using Stat6-deficient mice (3). Unexpectedly, adipose tissues
from YARG mice that had been crossed onto the eosinophil-deficient background (YARG ×
ΔdblGATA) also demonstrated a significant reduction of AAMs in adipose tissue (Fig. 3, A
and B) with similar numbers of total macrophages (fig. S7C). To ascertain whether
eosinophils are sufficient to sustain AAMs in adipose, we sublethally irradiated eosinophil-
deficient YARG mice and reconstituted them with bone marrow cells from
hypereosinophilic mice (IL-5tg × 4get). After 4–6 weeks, the perigonadal adipose tissues
from reconstituted mice contained GFP+ eosinophils and YFP+ AAMs that were not present
in non-reconstituted eosinophil-deficient mice (Fig. 3C). The numbers of eosinophils
recovered within the perigonadal adipose tissue of the reconstituted mice correlated with the
numbers of arginase-1-expressing macrophages in the same tissue (Fig. 3D). In contrast,
animals reconstituted with IL-5tg bone marrow lacking IL-4/13 (IL-5tg × 4/13 DKO) had
similar numbers of spleen and adipose tissue eosinophils, as well as similar adipose tissue
weights, but did not restore AAMs (Fig. 3E, fig S8, A and B). Thus, eosinophils and
hematopoietic cell-derived IL-4/IL-13 are required to sustain adipose AAMs. Supporting
these experiments, IL-4 and IL-13 transcripts were found predominantly in the SVF rather
than the adipocyte fraction of perigonadal white adipose tissue from WT mice (fig. S8, D
and E).

During these experiments, it became apparent that the visceral adipose tissue of
hypereosinophilic IL-5tg mice was visually smaller than the same tissues from littermate
WT mice when both were fed normal chow diet (Fig. 4A). As compared to WT mice, IL5tg
mice had an improved response to a glucose challenge (Fig. 4B). Although differences in
adipose tissue weight were not significant in eosinophil-deficient mice maintained on
normal chow diet, adiposity was greatly augmented when the mice were put on high-fat diet.
Under these conditions, analysis using dual energy X-ray absorptiometry (DEXA) scans
demonstrated significant increases in total body fat and percentage fat content in eosinophil-
deficient mice as compared to WT littermates maintained on high-fat diet, suggesting a role
for eosinophils in protecting against diet-induced obesity (Fig. 4, C and D). The obesity
induced in eosinophil-deficient mice on high-fat diet was metabolically relevant because
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these mice demonstrated significantly impaired glucose tolerance as compared to WT
animals (Fig. 4E). When aged to 20–24 weeks on high-fat diet, eosinophil-deficient mice
had normal to mildly elevated levels of fasting insulin (fig. S9A), indicating adequate
pancreatic beta-cell insulin production. Eosinophil-deficient mice had elevated fasting blood
glucose levels (Fig. 4F), however, and decreased adipose insulin responsiveness, as shown
by diminished tissue pAKT levels after insulin challenge (Fig. 4, G and H).

To ask whether physiologic elevations of eosinophils could improve glucose tolerance in the
setting of high-fat diet, we infected mice on high-fat diet with a migratory helminth,
Nippostrongylus brasiliensis. Although the parasite is cleared after 8 days, a sustained
metabolic response was seen, characterized by decreased fasting glucose and improved
insulin sensitivity and glucose tolerance present early post-infection (Fig. 4, I and J) and
sustained up to 35 days post-infection (fig. S9B). Remarkably, decreased perigonadal
adipose tissue weight (control 2.4 g ± 0.12; infected 1.8 g ± 0.15, p<0.01), and increased
perigonadal adipose eosinophils were also maintained up to 45 days post-infection (Fig.
4K), when spleen, liver and bone marrow eosinophils had returned to baseline (fig. S9C).
Total adipose macrophages from the infected cohort were also relatively decreased (control
50.6% ± 2.7; infected 35.3% ± 2.0, p<0.05), consistent with a decline of classically activated
macrophages known to preferentially populate adipose tissue during high-fat feeding (2).

Despite much literature defining a role for AAMs in sustaining insulin sensitivity and
glucose homeostasis, the mechanisms responsible for maintaining these cells in healthy
adipose tissues are largely unknown. Although differences exist between mouse and human
AAMs, including in the expression of arginase-1 as used here, we note the overlapping
profiles of IL-4/IL-13-conditioned human monocyte/macrophages that have also allowed
recognition of human AAMs (6). Our work suggests eosinophil IL-4 production may
contribute to sustaining AAMs; however, additional contributions from eosinophils are
likely important, possibly through production of cytokines, chemokines or other mediators.
Furthermore, we note that innate helper 2 (ih2) cells, recently implicated as an important
source of IL-5 and IL-13, are present in adipose (Fig 1A), as previously noted (17), and
future study will be required to address whether cytokines from these cells maintain adipose
eosinophil homeostasis. Additional contributions by adaptive immune cells likely add
further complexity and fine control (18–20).

Despite their appearance in allergy and states of parasitism, particularly in response to
intestinal helminthes, the biologic role of eosinophils remains incompletely defined.
Although sparse in blood of persons in developed countries, eosinophils are often elevated
in individuals in rural developing countries where intestinal parasitism is prevalent and
metabolic syndrome rare (21). We speculate that eosinophils may have evolved to optimize
metabolic homeostasis during chronic infections by ubiquitous intestinal parasites (22), and
in contrast to the insulin-resistant state induced by acute microbial infections (23). Our
findings further support the intertwined relationship between metabolism and immunity (1),
and are consistent with the enrichment of inflammatory and immune response genes
associated with obesity in humans (24, 25). Modulating adipose eosinophil number and
function could provide an exciting and novel therapeutic target in human metabolic
disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
IL-4-expressing cells in adipose tissue. (A) GFP-positive cells in perigonadal adipose from
4get mice on normal chow. Gating criteria delineated in Supplemental methods and fig.
S1B. Data pooled from 3 independent experiments with 2 or more mice per group. (B)
Hematoxylin and eosin stain of wildtype (WT) paraffin-embedded adipose (scale bar 20
μm), representative of 2 independent experiments. (C) Eosinophil numbers as ascertained by
flow cytometry in perigonadal adipose from 8 wk-old male mice from ΔdblGATA, WT, and
IL-5tg mice on normal chow diet. Data is representative of 3 or more independent
experiments. (D) Representative immunofluorescent images of Siglec-F+ cells in
perigonadal adipose from the strains indicated (scale bar 50 μm). Siglec-F, green; nuclei
counterstain with DAPI, blue, representative of 2 experiments. (E–H) WT male C57BL/6
mice were fed high-fat diet for 10–14 wk and compared with normal chow WT C57BL/6
controls. Perigonadal adipose eosinophils were quantified by flow cytometry per g adipose
tissue (E) or percent of total stromal vascular fraction (SVF) cells (F). Correlation is shown
between mouse weight on high-fat chow and adipose eosinophil numbers (G, H), utilizing
Pearson’s correlation coefficient. (E–H) Results are pooled data from two independent
experiments with 20 total mice. *p<0.05, **p<0.01
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Fig. 2.
Eosinophil migration to adipose tissue is integrin-mediated. (A) Eosinophils in the left lobe
of the lung, spleen and perigonadal adipose tissue 3 and 7 days after adoptive transfer into
eosinophil-deficient ΔdblGATA mice on normal chow. Data shown is pooled from two
independent experiments. (B) ΔdblGATA mice received antibodies to α4 and αL integrins
(100 μg each) or control isotypes (IgG2a and IgG2b) 2 hrs prior to adoptive transfer of
eosinophils. Tissues were harvested 16 hrs later. Data shown is representative of two
independent experiments. *p<0.05, **p<0.01 as determined using Student’s t-test. n.s. = not
significant.
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Fig. 3.
Adipose macrophage alternative activation is impaired in the absence of IL-4/IL-13 or
eosinophils. (A) Flow cytometric analysis of adipose from indicated mice on normal chow
diet. Gates show YFP-positive cells as a percent of total CD11bhighF4/80high macrophages
(A) and are quantitated (B) Results are pooled data from two or more independent
experiments with 2–4 animals per experiment. *p<0.05, **p<0.01 as determined using
ANOVA with Bonferonni’s post-test correction for multiple comparisons. (C) ΔdblGATA ×
YARG mice were sublethally irradiated and reconstituted with bone marrow cells from 4get
× IL-5tg mice. After 4–6 weeks, perigonadal adipose tissues were analyzed for eosinophils
(left gate; eosinophils were GFP-positive and side-scatterhigh, not shown) and macrophages
(CD11bhigh F4/80high, right gate). Macrophages were then analyzed for YFP. Eosinophil-
reconstituted mice (red); non-reconstituted mice (blue); WT control (non-reporter) mice
(gray). (D) Statistical correlation (Spearman’s rank correlation) between the total numbers
of eosinophils reconstituting perigonadal adipose tissues in eosinophil-deficient mice and
the total numbers of AAM expressing the marker arginase-1 allele. Results are pooled data
from 5 independent experiments with 2–4 animals per experiment. (E) Mice reconstituted
with IL-5tg bone marrow lacking IL-4 and IL-13 (IL-5tg × 4/13 DKO) display significantly
fewer total YARG+ AAM (E) or total YARG+AAM per 1,000 tissue eosinophils (IL-5tg
2.5 ± 1.1; IL-5tg × 4/13 DKO 2.4×10−4 ± 6.2×10−5). Results are pooled data from two or
more independent experiments with 2–5 animals per experiment. *p<0.05, **p<0.01 as
determined using Student’s t-test.
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Fig. 4.
Metabolic analysis of eosinophil-deficient and hypereosinophilic mice. (A) Perigonadal fat
tissues (testis attached) from IL-5 transgenic (IL-5tg) and wildtype (WT) littermate controls.
(B) Fasting male 8 wk-old WT or IL-5tg littermates maintained on normal chow (NC) diet
were challenged with intraperitoneal glucose and blood was sampled for glucose at times
indicated. Data compiled from two independent experiments with 6–7 mice in each group.
(C,D) DEXA analysis of total, lean and fat tissue composition (C) or percentage adiposity
(D) in ΔdblGATA and wildtype (WT) mice on normal chow (NC) or high-fat (HF) diet for
15 wk. Data compiled from two experiments with 5–8 mice in each group. (E)
Intraperitoneal glucose tolerance test in male ΔdblGATA and WT mice on HF diet for 15
wk. Data compiled from 3 independent experiments with 5–8 mice in each group. (F)
Fasting blood glucose in male WT and ΔdblGATA mice maintained on HF diet for 20–22
wk. Data compiled from 2 independent experiments with 5 mice in each group. (G, H)
Insulin signaling, as measured by the ratio of serine phosphorylated AKT to total AKT in
adipose, muscle and liver of mice aged 24 wk on HF diet (n = 4–6 mice per genotype, 4
representative mouse adipose samples shown). (I, J) Twelve-wk old wild-type C57BL/6
mice on HF diet for 6 wk were infected with N. brasiliensis (Nippo) or unchallenged
(Control) and monitored for insulin tolerance (I) and glucose tolerance (J) at the indicated
times. Insulin tolerance results are normalized to baseline fasting glucose, which was
statistically different between cohorts (WT control 207 mg/dL ± 6; Nippo 179 mg/dL ± 7; p
< 0.05). (K) Adipose tissue collected at days 40–45 post N. brasiliensis infection or from
uninfected control mice and analyzed by flow cytometry for eosinophils per g adipose (K)
or percent eosinophils (WT Control 2.9% ± 0.41; Nippo 10.1% ± 0.36, p<0.01). Data (I, J,
K) are representative of two independent experiments with 20–30 total mice per cohort.
*p<0.05, **p<0.01 as determined using Student’s t-test (B, E, F, H–K) or ANOVA with
Bonferroni’s post-test correction for multiple comparisons (C–D); error bars = SEM; n.s. =
not significant.
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