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Abstract

Obesity affects more than 650 million adults worldwide and is a major risk factor for serious
comorbidities. The prevalence of obesity has tripled in the last forty years and continues to

rise. Eosinophils have recently been implicated in providing a protective role against obesity.
Decreasing eosinophil numbers exacerbates weight gain and contributes to glucose intolerance

in high fat diet-induced obese animals, while increasing eosinophil numbers prevents high fat
diet-induced adipose tissue and body weight gain. Human studies, however, do not support a
protective role for eosinophils in obesity. Recent animal studies have also reported conflicting
results. Considering these contradictory findings, the relationship between eosinophils and obesity
may not be unidirectional. In this mini review, we summarize a recent debate regarding the role

of adipose tissue eosinophils in metabolic disorders, and discuss local and systemic effects of
eosinophils in obesity. Given that adipose eosinophils play a role in tissue homeostasis, more
research is needed to understand the primary function of adipose tissue eosinophils in their
microenvironment. Therapeutic interventions that target eosinophils in adipose tissue may have the
potential to reduce inflammation and body fat, while improving metabolic dysfunction in obese
patients.
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Introduction

Obesity affects more than 650 million adults worldwide, which accounts for 13% of the
world’s adult population (1). The prevalence has tripled in the last forty years and continues
to rise among both adults and children (2). Obesity is a major public health concern because
it is an important risk factor for serious comorbidities, including asthma (3-7). While
exercise and dietary changes are the cornerstones of weight loss, these interventions are not
effective or achievable for many obese people. Thus, it is necessary to identify effective
interventions to combat this challenging disease.

Eosinophils, known to act in allergic inflammation and in host defense against helminth
infections, have recently been implicated as major players in adipose tissue homeostasis.

In 2011, Wu et al. (8) identified a protective role for eosinophils in diet-induced obesity.
Since then, several animal studies have confirmed that adipose eosinophils are involved in
metabolic homeostasis via interactions with adipocytes and/or adipose leukocytes (9-12),
suggesting a novel treatment target for obese patients. A recent study reported, however, that
increasing eosinophils in obese mice to levels seen in normal lean mice failed to restore
metabolic parameters (13). Another study found that eosinophil-deficient mice fed a high-fat
diet instead of becoming more obese as seen in Wu’s study, these mice had reduced body

fat mass, impaired enlargement of adipocytes, and decreased glucose tolerance compared to
wild type mice (14). Considering these conflicting findings, the relationship between obesity
and eosinophils might not be unidirectional. Discussion of different results and perspectives
took place during the 2019 International Eosinophil Society (IES) meeting. Although not

all data presented from this meeting is published yet, the evident presented raises important
questions about the role of eosinophils in adipose tissue and metabolism. In this mini review,
we summarize the recent debate over the role of adipose tissue eosinophils in metabolic
disorders, and discuss local and systemic interactions between eosinophil function and
obesity.

Evidence that eosinophils reduce obesity

Wau et al. were the first to report that eosinophils may protect against obesity. The authors
found that when transgenic C57BL/6 mice lacking eosinophils (AdbIGATA mice) were fed
a high fat diet, they developed more body fat, impaired glucose tolerance, and decreased
insulin sensitivity compared to wild type mice (8). In contrast, increasing eosinophils
prevents weight gain. When wild type mice on a high fat diet were infected with helminths
over 12 weeks to induce eosinophilia, mice gained less body fat, and had improved insulin
sensitivity and glucose tolerance vs non-helminth infected mice. The authors suggested
that eosinophils play a role in metabolic homeostasis through maintenance of adipose
alternatively activated macrophages (8).

The protective role of eosinophils in obesity is supported by two additional studies
reporting that eosinophils were reduced in high fat diet-induced obese mice. The decrease
in eosinophils was associated with increased weight gain and glucose intolerance (9, 10).
Conversely, increasing eosinophils appears to decrease body fat. In other studies, both
chronic helminth infection and soluble helminth egg antigens were used to increase adipose
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tissue eosinophils in high fat diet-induced obese mice. Treated mice had less weight gain,
less fat mass gain, and decreased adipocyte size as well as improved peripheral glucose
uptake and increased white adipose tissue insulin sensitivity (11, 15). In another study,
honeybee pollen extract was used to increase eosinophils in mesenteric and epididymal
adipose tissue of ob/ob mice, which develop obesity and insulin resistance due to a

mutation in the leptin gene. The increased eosinophils restored glucose tolerance and insulin
sensitivity in pollen treated mice(12). Similarly, our group recently found that increasing
circulating eosinophils through overexpression of IL-5 prevented high fat diet-induced
weight and fat gain (16). All of these data suggest a role for eosinophils in maintaining
metabolic homeostasis.

All of the studies discussed above used whole-body knockout mice or mice with elevated
blood eosinophils. Eosinophil character and function, however, is tissue specific (17). Ting
et al. built on this concept by using an adipose-specific transgenic mouse model, as reported
at the 2019 International Eosinophil Society (IES) meeting (18). Mice were generated that
overexpress human eotaxin2, an eosinophil specific chemokine, under the control of a fat
specific promoter. This genetic manipulation selectively increases eosinophil migration into
adipose tissue. When fed a high fat diet, these eotaxin2 mice gained less weight and less
adipose tissue and showed increased glucose tolerance compared to wild type mice on a high
fat diet. Furthermore, their adipocytes were smaller, and the expression of genes involved in
fat oxidation were upregulated compared to wild type mice (18). This study demonstrated
that tissue-specific eosinophils promote metabolic homeostasis.

A potential mechanism for the protective effects of eosinophils was suggested by the work
of Quinlan et al. Mice with a deletion in the gene encoding the transcription factor Kruppel-
like Factor 3 (KLF3), were described as having three times the number of eosinophils in
their adipose tissue compared to wild type mice. They were additionally protected from
diet-induced obesity. Mice lacking KLF3 had increased capacity for thermogenesis (19) and
their eosinophils expressed genes for proteins known to enhance thermogenesis (20). These
data suggest that eosinophil mediated thermogenesis is a potential protective mechanism
against diet-induced obesity.

Evidence that eosinophils do not reduce obesity

In contrast to mice, human studies have not supported a protective role for eosinophils in
obesity. Eosinophilia coexists with obesity, as several small epidemiological studies have
demonstrated a positive correlation between blood eosinophil counts and body mass index
(BMI) or metabolic syndrome (21-23). Sunadome et al. found that blood eosinophils are
correlated with BMI up to a plateau of 40 kg/m? (23). Likewise, Moussa et al. showed
that elevated eosinophils in subcutaneous adipose tissue were associated with metabolic
syndrome (24). Kuruvilla et al. found in a small study, over six months, that anti-1L-5
therapy was associated with a mild but significant decrease in BMI in patients with severe
asthma (25). However, this particular study was not randomized or placebo controlled,
and lacked other measurements related to obesity including body fat and glucose tolerance
(25). Similar results were reported by Klion et al during the 2019 International Eosinophil
Society (IES) meeting. Two years of treatment with Benralizumab (anti-1L-5 receptor
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antibody) resulted in decreased body weight along with completely depleted peripheral
blood eosinophils (26). Thus, data on a role for eosinophils, in metabolic diseases in humans
with asthma disagrees with the initial studies in obese, non-asthmatic mice.

Recent data from animal studies have also challenged the hypothesis that eosinophils
prevent obesity. Because elevated eosinophils are associated with reduced body weight

and improved metabolic parameters, Bolus et al. artificially restored eosinophils to normal
physiological levels (not to above normal levels) in obese C57BL/6 mice, via administration
of recombinant IL-5. Intraperitoneal administration of IL-5 restored eosinophils in adipose
tissue to normal, but did not prevent obesity or obesity-related metabolic dysfunction (13).
Furthermore, acute treatment with helminth antigen, increased eosinophils, but did not
protect against diet-induced obesity (27). BALB/c mice also gained weight on a high fat
diet and developed metabolic dysfunction. Eosinophil depletion using AdblGATA BALBI/c
mice did not worsen obesity (17). Separate from obesity, eosinophil depletion did worsen
glucose tolerance, suggesting a protective role of eosinophils in metabolic dysfunction (14).
This paper suggests there may be an unexplained disconnect between eosinophils, obesity
and metabolic dysfunction.

Reconciling opposing data

There is an active debate over the role of eosinophils in diet-induced obesity in the scientific
literature. In all experimental protocols, feeding mice a high fat diet-induced obesity (8,

11, 13, 14, 16, 18-20, 27) and decreased eosinophils in adipose tissue. Increasing I1L-5
using transgenic animals, globally increased eosinophils above normal in all tissues and
decreased obesity and prevented metabolic dysfunction. In contrast, administering IL-5

i.p., restored eosinophils in abdominal adipose tissue to normal physiologic levels but did
not prevent obesity. Similarly, increasing eosinophils using helminth infection increases
eosinophils globally, and above normal. However, one paper using this method over 12
weeks, demonstrated a protective effect of eosinophils, while the other, testing over 10 days,
did not (11, 27). These data suggest that either eosinophil activity or duration of activity, not
simply eosinophil number, protects against metabolic dysfunction and obesity. An additional
complication is that different strains of mice, respond to high fat diet differently. Both
C57BL/6 and BALB/c develop obesity, but there are strain-dependent variations in the
immunometabolic response to a high fat diet (28) that may alter the role of eosinophils in
metabolic regulation of obesity. This may explain why depleting eosinophils in BALB/c
AdbIGATA mice did not worsen obesity (14), while it did in the C57BL/6 AdbIGATA mice
(8). Of note, all current transgenic animal models of eosinophilic disease have elevated

or diminished eosinophils from pre-birth, making it difficult to distinguish the role of
eosinophils on obesity from the effects of genetic manipulation on metabolic homeostasis
(29). The development and use of inducible eosinophil knockout mice may help answer
these questions.

In humans, reducing or depleting eosinophils in asthma reduced body weight in thin and
overweight asthma subjects (25, 26). Although these studies were not designed to test the
role of eosinophils, this data does not support a protective role for easinophils in obesity

in humans. However, severe asthmatic patients are often on corticosteroids and their asthma
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may limit their ability to exercise, both of which may lead to weight gain, independent

of eosinophils. The decrease in body weight on anti-IL-5 or anti-I1L-5 receptor treatment
may, therefore, be due to a reduction in steroid use or an increase in physical activity.
Additionally, eosinophils were only measured in blood, not in body fat (25, 26). This is
important because, animal studies have demonstrated that adipose eosinophils, rather than
circulating eosinophils, promote leanness (9). Thus, future studies should investigate the
effects of adipose tissue eosinophils, in addition to circulating eosinophils, on weight gain
and metabolic dysfunction in obesity.

The systemic and local effects of adipose eosinophils in obesity

Eosinophils are normally present in adipose tissue, adjacent to adipocytes and other adipose
resident leukocytes. These eosinophils are the primary source of IL-4 in adipose tissue (8).
Additionally, it has been suggested that eosinophils may mediate glucose homeostasis and
energy expenditure (8-10, 14).

Adipose tissue can be divided into two types, visceral and subcutaneous; visceral tissue is
the more metabolically active of the two. Eosinophils are reduced in visceral tissue of high
fat diet-induced obese animals compared to lean animals (8-10, 27). Acute high fat diet-
induced a rapid decline in chemotactic signals for eosinophils, a rapid decline in eosinophils
in visceral adipose tissue, followed later by a decline in eosinophils in subcutaneous adipose
tissue (27). Notably, Bolus et al. showed that the decrease in adipose tissue eosinophils with
obesity can be reversed after dietary intervention and weight loss (30).

The systemic effects of eosinophils on glucose homeostasis and energy expenditure

may be mediated by local cell-cell interactions (Figure 1). Eosinophils are capable of
influencing adipocytes, which are normally critical regulators of energy balance and nutrient
homeostasis. White adipose tissue (WAT) and brown adipose tissue (BAT) are comprised
of white fat cells and brown fat cells, respectively. White fat cells serve as the principal
site for energy storage and release, producing and secreting numerous cytokines and
hormones (31). Brown fat cells (also called thermogenic adipocytes) are the other major
class of adipocytes, catabolizing stored lipids and producing heat. Brown fat cells are
characterized by their multinodular lipid droplet appearance, high mitochondrial content,
and expression of uncoupling protein 1 (Ucpl) (32, 33). Under physiologic conditions,
adipose tissue eosinophils can induce white adipocytes to become thermogenic adipocytes,
a process known as browning or beiging, indirectly through macrophages (34). These
“beige” adipocytes, resulting from eosinophil signaling, increase energy expenditure and
thermogenesis, thereby reducing adiposity (Figure 1).

Eosinophils interact with many leukocytes in adipose tissue. These interactions determine
their function. Cells such as group 2 innate lymphoid cells (ILC2s) communicate with
eosinophils and are important in maintaining metabolic homeostasis. 1L-33 signaling drives
ILC2 cells to secrete IL-5 and IL-13, which promote the accumulation of eosinophils

and macrophages in adipose tissue. (35, 36) Moreover, eosinophils are the major source

of IL-4 in adipose tissue. Eosinophils use IL-4 to communicate with macrophages, (37)
which triggers expression of uncoupling protein 1 in white adipose tissue, inducing beiging,
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and increasing thermogenesis (Figure 1). This is potentially a mechanism of eosinophil
induced protection against obesity. Macrophages are another important resident cell type

in visceral adipose tissue. Activated macrophages in obese adipose tissue are derived from
multiple, distinct cell obese-associated populations recently identified via transcriptome
and functional analyses (38, 39). In obese adipose tissue, a distinct class of metabolically
activated macrophages contribute to metabolic dysfunction and insulin resistance (38, 40,
41). Other subsets of adipose tissue macrophages, including those that express the lipid
receptor Trem2, have been identified as playing a protective role during obesity and
regulation of adipocytes (42). Overall, these cell-cell interactions determine the role adipose
tissue eosinophils have in maintaining metabolic homeostasis.

The role of eosinophils in obese patients with asthma

Eosinophils are a hallmark of allergic asthma. However, the role of eosinophils in obesity-
related asthma is unclear. Some obese patients with asthma have severe asthma symptoms
with low sputum eosinophils while others have high eosinophils (43, 44). Thus, the obese
asthma phenotype can be divided into at least two classes: Th2 high obese patients,
characterized by pre-existing allergic asthma, and high eosinophils that is additionally
complicated by obesity vs Th2 low obese patients with asthma who develop asthma
symptoms as a consequence of obesity and who have normal eosinophils. Farahi et al.
reported that more eosinophils were recruited to the lungs of obese patients with asthma
compared with non-obese patients with asthma (45). Furthermore, eosinophils isolated
from asthmatic obese patients had increased chemotaxis and adhesion activity after being
stimulated by eotaxin or platelet activating factor, compared to eosinophils isolated from
asthmatic non-obese patients or non-asthmatic non-obese individuals (46). In animals,
airway hyperresponsiveness induced by antigen challenge is greater in obese than in
non-obese mice (47, 48). These data, combined with studies in humans that eosinophil
recruitment to lungs is greater with obesity, suggest that obesity can promote eosinophil
recruitment to the lung, and once recruited, eosinophils from obese patients may be more
active.

The role of eosinophils in obesity induced asthma may be complex. It is well known that
eosinophils are a source of pro-inflammatory cytokines and preformed proteins including
TNF- a (49) and eosinophil major basic protein (50) which have profound effects on
neuronal M2 muscarinic receptors that normally function to inhibit acetylcholine release
from airway parasympathetic nerves (51-55). Loss of M2 function, either through down
regulation (53, 54) or acute blockade with a selective antagonist (50, 55) increases
acetylcholine release and causes airway hyperresponsiveness (51, 53, 54). Therefore,
increased eosinophil recruitment to the lungs, as seen with obesity (45), may complicate
pre-existing allergic asthma by enhancing eosinophil recruitment to airways and nerves. For
Th2 low obese asthmatic patients, obesity may cause airway hyperresponsiveness through
an eosinophil-independent mechanism (2, 56, 57). Weight loss has been shown to be an
effective treatment for Th2 low obese asthmatic patients (58). Therapeutic targets will need
to consider both the subtype of asthma, and also that eosinophils exist in multiple locations
including adipose tissue.
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Summary, Considerations, and Future Directions

Obesity, which is characterized by poor metabolic control, insulin resistance, inflammation,
and impaired immune function, is an important risk factor for many comorbidities, including
asthma. Eosinophils have traditionally been associated with chronic inflammatory diseases
including in the lung, skin and gut, but their role in obesity has been underappreciated.
Recent studies of adipose tissue show that eosinophils play a key role in metabolic
homeostasis. Data from animal studies show that adipose tissue eosinophils are inversely
correlated with body weight and body fat. Eosinophil presence and activation state within
adipose tissue is related to prevention of obesity, but the exact relationship is unclear. Future
studies should focus on cell-cell interactions between eosinophils and adipocytes and other
adipose tissue resident leukocytes to identify the role of adipose eosinophils in obesity and
asthma, to identify therapeutic strategies that may be relevant in either asthma, or obesity, or
obesity-related asthma.
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Figure 1. Systemic effects of eosinophils on obesity may be mediated by local cell-cell
interactions.

Eosinophils are a major source of locally produced IL-4 in white adipose tissue.
Eosinophils induce adipocyte precursor cells to develop into thermogenic, UCP1-expressing
“beige” adipocytes. Systemically, beige adipocytes increase thermogenesis and metabolism.
Eosinophils simultaneously inhibit expansion of white adipocytes, which consequently
decreases inflammatory cytokines and fat mass. The expression of I1L-4 also causes
alternative activation of adipose tissue macrophages promoting anti-inflammatory Th2
cytokines and insulin sensitivity and inhibits classical activation of macrophages and
inflammatory Th1 cytokines and insulin resistance.
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Table 1.

Comparing obesity and metabolic dysfunction in altered models of eosinophils

Strain Animal model Eosinophils* Obesity Metabolic dysfunction  Ref
BALBI/c AdbIGATA Depleted Prevents Worsens 17
AdbIGATA Depleted Worsens Worsens 11
Helminth (acute) Increased above normal No change No change 30
Helminth (chronic) Increased above normal Prevents Prevents 14
Helminth antigen Increased above normal Prevents Prevents 18
C57BL/6
Honeybee extract Increased above normal Prevents Prevents 15
IL-5 transgenic Increased above normal Prevents Prevents 19
IL-5i.p. Normal No change No change 16
Eotaxin2 transgenic  Increased adipose eosinophils above normal  Prevents Prevents 12

*
Eosinophils are all circulating except in Eoxtaxin2 transgenic as noted.
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