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energy storage and energy expenditure, with the hope that 
these systems could be harnessed to promote weight loss. 
As of 2016, not a single state in the US had an obesity rate 
less than 20% (1). The most recent data report that 70% 
of the American population is overweight (BMI 25 kg/m2) 
and 35% is obese (BMI 30 kg/m2) (2, 3). The need to 
reduce obesity stems from the increased risk of comorbidi-
ties such as cardiovascular disease, type 2 diabetes, asthma, 
certain cancers, and various other diseases (4–6). A report 
compiled of 57 prospective analyses of nearly a million 
adults showed that obesity can decrease a person’s life span 
up to 10 years (7). Thus, a better understanding of adipose 
tissue (AT), the organ that expands the most in size during 
obesity, should provide solutions to this health concern.

When discussing AT, white AT (WAT) is most commonly 
considered; however, other types of AT, brown AT (BAT) 
and beige AT, also exist. Adipocytes in WAT and BAT are 
generated from unique progenitors. WAT stores excess  
energy in the form of triglycerides. BAT can store small 
amounts of triglycerides; however, its primary role is to 
burn fatty acids to generate heat. Beige fat has brown-like 
properties, but is transiently present in WAT depots (espe-
cially subcutaneous) upon -adrenergic stimulation. Regu-
lation of all three of these fat depots is critically important 
for lipid and energy homeostasis.

WAT consists of spatially distinct beds: visceral, omental, 
subcutaneous, perivascular, epicardial, and many others. 
These depots serve to cushion the organs they encompass, 
store excess lipids so as to protect other organs from ecto-
pic lipotoxic lipid deposition, provide fatty acids as a fuel 
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source locally and systemically, store toxins (8), and secrete 
adipokines with wide-ranging autocrine, paracrine, and en-
docrine functions. Recent work suggests that AT may even 
serve as a long-term reservoir for educated lymphocytes to 
respond to subsequent infections (9).

BAT is localized primarily in subscapular regions in ro-
dents, and was only discovered in adult humans in the past 
decade (10, 11). BAT has a characteristic brown appear-
ance grossly, and is easily distinguished from WAT. This 
distinctive color is due to the presence of concentrated mi-
tochondria within each brown adipocyte, accompanied by 
high iron concentrations required for activation of the 
electron transport chain during -oxidation. High expression 
of uncoupling protein 1 (UCP-1) causes this -oxidation to 
result in generation of heat rather than ATP (thermogen-
esis), thus assisting to maintain core body temperatures 
upon cold-induced activation of the sympathetic nervous 
system (12).

Beige fat, primarily found intercalated within subcutane-
ous WAT, also has a characteristic darker appearance, 
UCP-1 expression, and fuel burning phenotype (12). 
Beiging, or browning as it is sometimes called, is favorable 
during obesity because it decreases weight and inflamma-
tion, while improving metabolic functions such as insulin 
sensitivity and glucose tolerance (13, 14). The presence of 
beige fat is most notably induced by both acute and pro-
longed cold exposure, and is increased in humans during 
the colder winter months (15). Caloric restriction was also 
shown to induce beiging in obese mice (16), but a recent 
study indicates that this mechanism may not be conserved 
in humans (17); or at the very least, that there is greater 
variability of beiging capacity among humans. Additionally, 
exercise has been shown in multiple studies to increase 
beige, or “brite” (brown-white), adipocyte characteristics 
(18–21). Aside from physiological stimuli, pharmacologi-
cal stimulation with PPAR agonists, such as rosiglitazone, 
or -adrenergic stimulation with drugs, such as CL-316,243, 
can also stimulate beiging of WAT adipocytes to a thermo-
genic phenotype (22). Together WAT, BAT, and beige AT 
control systemic energy storage and expenditure.

One of the most surprising discoveries about AT was the 
accumulation of pro-inflammatory immune cells in WAT 
in obesity (23, 24). In the last few decades, it has come to 
light that the immune system is a key regulator of WAT 
homeostasis. Virtually all cells of the immune system have 
been observed in WAT and much of the literature (both 
primary and review articles) has focused on the pro-inflam-
matory cells of type 1 immune responses during the dys-
functional state of WAT in obesity (25–27). We will briefly 
highlight these core findings, but then explore in greater 
detail the less well-discussed type 2 immune interactions 
associated with lean healthy WAT that have come to the 
forefront of recent research in AT inflammation.

In addition to WAT, there is some evidence for immune 
cells contributing to BAT function. We showed that BAT 
contains macrophages, eosinophils, and B cells; however, 
based on both flow cytometry and histology, they are very 
scarce (28). In addition, we showed that none of these im-
mune cells change with aging; yet during obesity, B cells 

increase and macrophages and eosinophils decrease in 
BAT. Other groups have also shown the presence of macro-
phages (29–31), eosinophils (31, 32), T cells (31), regulatory 
T cells (33), natural killer T (NKT) cells (31), and  T cells 
in BAT (31). In the most thorough study of BAT macro-
phages, Wolf et al. (34) demonstrated evidence for their 
role in tissue innervation and energy expenditure. Despite 
these studies, much work needs to be done to determine the 
extent to which immune cells contribute to BAT function.

A BRIEF SUMMARY OF PRO-INFLAMMATORY TYPE 1 
INFLAMMATION IN AT

Macrophages were discovered to be central players in AT 
homeostasis in the last few decades. Localization of macro-
phages to WAT was reported as early as 1988, but the differ-
ence in lean versus obese macrophage populations was not 
appreciated until 2003 when Weisberg et al. (24) and Xu 
et al. (23) showed a more inflammatory profile of obese 
WAT macrophages. These studies showed that WAT mac-
rophage accumulation, and their inflammatory activation, 
positively correlated with weight gain and adipocyte size. 
Furthermore, WAT macrophage accumulation was noted 
in genetic models of obesity and in diet-induced obesity. 
The increase in WAT macrophages during obesity was also 
seen in humans (24). The studies in mice showed that dur-
ing obesity, WAT macrophage inflammatory gene expres-
sion preceded rising circulating insulin levels and that 
treatment with a known insulin-sensitizing agent (rosigli-
tazone) reduced macrophage markers (i.e., MAC-1, F4/80, 
CD68) in WAT (23). Mechanisms by which macrophages 
accumulate in WAT in the chronic setting of obesity in-
clude recruitment, retention (35), proliferation (36, 37), 
and reduced apoptotic turnover (38, 39). The reasons for 
their accrual are incompletely understood, but likely in-
clude hypoxia-induced adipocyte death and chemokine 
signaling. It should also be noted that acute pro-inflamma-
tory signaling in WAT has been shown to be an adaptive 
response that enables proper storage of excess energy (40). 
This vast literature is nicely covered in a recent review writ-
ten by McLaughlin et al. (41).

Macrophages are highly plastic and can switch between 
pro- and anti-inflammatory phenotypes depending on 
environmental cues, in what has been termed macro-
phage polarization (42). Classically activated M1-like mac-
rophages are defined by their in vitro stimulation with 
lipopolysaccharide and/or interferon- (IFN-) and are 
subsequently more pro-inflammatory, expressing cyto-
kines, such as TNF- and interleukin (IL)-1, and are as-
sociated with clearing bacterial pathogens. Alternatively 
activated M2-like macrophages are defined by in vitro stim-
ulation with IL-4 and IL-13 and are subsequently more anti-
inflammatory, expressing cytokines, such as transforming 
growth factor  (TGF-) and IL-10, and are associated with 
wound healing and tissue homeostasis. Anti-inflammatory 
M2-like macrophages are the predominant cells in lean 
AT, while pro-inflammatory M1-like macrophages greatly 
outnumber M2s in the obese state (43). In addition, recent 
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studies suggest that M1-like macrophages in AT have a 
slightly different phenotype than lipopolysaccharide-stimu-
lated macrophages and, instead, reflect a state of metabolic 
activation (saturated fatty acids + glucose + insulin); and 
are referred to as metabolically active macrophages (44). 
This study highlights that the M1 and M2 terminology and 
the associated phenotypes and gene expression originally 
derived from in vitro polarization studies often do not cor-
respond precisely with macrophages in vivo; thus it is be-
coming standard in the field to examine a variety of 
markers to determine the polarization state of any given 
population of macrophages.

Other immune cells, such as cytotoxic CD8 T cells (45, 
46), CD4 type 1 helper T cells (47), natural killer (NK) cells 
(48, 49), and B cells (50, 51), contribute to an overall type 1 
immune phenotype in obesity. Concomitantly, there is a re-
duction in the ratio of type 2 immune cells, such as M2-po-
larized macrophages (43), regulatory T cells (52), CD4 type 
2 helper T cells (53), regulatory B cells (54), invariant NKT 
(iNKT) cells (55, 56), eosinophils (32), and innate lym-
phoid type 2 cells (ILC2s), to the pro-inflammatory cells 
(57). This has led investigators to begin interrogating a role 
for type 2 immunity in maintaining homeostasis of lean AT.

The majority of what is known about AT inflammation 
was discovered in mouse studies; as such, there is some un-
certainty as to how well these findings apply to human AT. 
Supporting a conserved mechanism of AT inflammation in 
humans, Weisberg et al. (24) showed that the percent of 
AT macrophages correlated with adipocyte size to similar 
degrees in mouse and human subcutaneous fat. It is impor-
tant to note that while AT macrophage number in humans 
also increases with obesity and/or insulin resistance, like 
mice, immunohistochemistry shows fewer total macro-
phages in human AT compared with what is typically seen 
in mouse AT (58, 59). However, genome-wide association 
studies identifying genes underlying obesity-associated 
metabolic disease, such as T2D, have strongly implicated 
genes relating to pancreatic  cells rather than inflamma-
tory markers (60). While it is no surprise that genes of insu-
lin-producing  cells would be identified in T2D, it has 
caused adipose biologists to question the role of obesity-
associated AT inflammation in such metabolic diseases. 
Importantly, only 10% of T2D heritability is currently ex-
plained by genetic variants (60); thus, as remaining loci 
responsible for T2D heritability are discovered, it may be 
found that loci variation in tissues that contribute to T2D 
in less straightforward ways, such as AT and the immune 
system, are found to also contribute to susceptibility.

Despite the genome-wide association study argument 
against a role for AT or generalized inflammation in meta-
bolic disease, the use of anti-inflammatory drugs in humans 
partially supports the case. There has been some progress 
made in understanding how drugs can modulate inflam-
mation to improve obesity and/or its comorbidities, such 
as T2D and insulin resistance. The most commonly pre-
scribed drug for T2D patients, metformin, improves insu-
lin sensitivity and reduces hepatic glucose production, and 
has also been shown to reduce inflammatory markers (61, 
62). Yet it is unclear whether the reduced inflammation 

was required for the metabolic benefits seen in humans, 
and furthermore, whether resolving AT inflammation in 
particular is necessary. Examining the role of AT in the ef-
fect of anti-diabetic drugs on patients, Di Gregorio et al. 
(58) found that a 10 week treatment with pioglitazone im-
proved insulin sensitivity by 60% and reduced AT gene ex-
pression of macrophage markers, CD68 and MCP-1, and 
the number of AT CD68+ macrophages; the reduced in-
flammation was not seen in muscle. In the same study, the 
same duration of treatment with metformin did not reca-
pitulate the results achieved with pioglitazone (58). These 
results suggest that reduced inflammation in AT may par-
tially confer the metabolic benefits of some, but not all, 
anti-diabetic drugs. The CANTOS trial targeted IL-1 in an 
attempt to reduce cardiovascular disease. While myocar-
dial infarction was reduced by 15%, secondary effects of 
IL-1 blockade on insulin sensitivity and secretion have not 
been as promising, showing some trends but not statisti-
cally significant improvements (63–65). This may be due to 
the targeting of a single inflammatory IL, whereas obesity 
increases a multitude of inflammatory markers. In con-
trast, the anti-inflammatory, salicylate (nonacetylated form 
of aspirin), was shown to reduce glycemia, HbA1c, and in-
flammatory markers in a 48 week trial (66). A recent study 
showed that the anti-inflammatory drug, amlexanox, previ-
ously used to treat allergic conditions, reduced HbA1c in 
obese and T2D patients (67). Furthermore, a subset of pa-
tients also had improved insulin sensitivity and reduced 
hepatic steatosis. While not all patients received every ben-
efit, the best responders had higher subcutaneous AT in-
flammation at baseline before treatment (67). This study 
suggests that while not all patients will have AT inflamma-
tion at the root of their metabolic impairments, a subset 
that does have preexisting AT inflammiton can gain meta-
bolic benefits from anti-inflammatory treatments. Nev-
ertheless, more human studies of AT inflammation are 
needed to fully understand its contribution to obesity-asso-
ciated diseases. Specifically regarding type 2 inflammation, 
at least a few groups are exploring its role in humans. For 
example, Lynch et al. (56) found that iNKT cells are re-
duced in both mouse and human obesity, and alleviating 
obesity restored AT iNKT cells. Furthermore, a study by 
Zhu et al. (68) showed that peripheral eosinophils in Chi-
nese adults inversely correlated with T2D and insulin resis-
tance, indicating a potential protective role of type 2 
inflammation in metabolic disease, although this study did 
not specifically look at AT eosinophils.

COUNTERPOINT TO THE PRO-INFLAMMATORY AT 
MACROPHAGE: THE M2-LIKE MACROPHAGE AND 

ITS REGULATORY ROLES IN AT HOMEOSTASIS

As described above, the initial postulates surrounding a 
role for type 2 immune cells in WAT focused on M2-like po-
larized macrophages. As macrophages are the predominant 
immune cell type in both lean and obese WAT, this focus 
has been warranted. M2-like macrophages are traditionally 
associated with wound healing, but investigators have 
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considered their anti-inflammatory phenotype to promote 
appropriate glucose and lipid control in WAT as well (43). 
The M2-like phenotype of WAT macrophages is sustained 
through transcriptional activators, such as PPARs, micro
RNAs (miRs), such as miR-330-5p (69), adipose-derived stem 
cells (70), and cytokines, such as IL-4 and IL-13 (32, 71–74). 
Due to their proximity, M2-like macrophages are thought to 
interact with adipocytes, and may play roles in apoptotic 
clearance, angiogenesis, WAT development, antigen presen-
tation, and inflammatory resolution [reviewed in (26, 75)].

More recent studies have pointed to additional roles for 
M2-like macrophages in WAT homeostasis. For example, an 
emerging literature suggests that M2-like macrophages have 
an iron handling phenotype (76, 77). Interestingly, CD163, 
the haptoglobin-hemoglobin receptor, has long been used 
as a marker for M2-macrophages. In studies of human ath-
erosclerosis, CD163+ macrophages were found in hemor-
rhagic plaques and were iron-enriched (78–80). Our 
laboratory has shown a similar population of highly M2-po-
larized macrophages in WAT that have a 2-fold increase in 
iron content and iron-related gene expression (81, 82). Be-
cause adipocyte iron-overload can lead to insulin resistance 
(83), proper iron handling by M2-like macrophages may ac-
count for part of their contribution to WAT homeostasis.

Exciting work by Ferrante and colleagues demonstrates 
a noninflammatory function of WAT macrophages in lipid 
trafficking (84). They show that, in obesity, AT macrophages 
upregulate a program of lysosome biogenesis that is linked 
to lipid content and catabolism. Furthermore, inhibiting 
lysosomal functions increased lipid accumulation in mac-
rophages and reduced the lipolytic functions of adipocytes. 
In another recent study, Wilson et al. (85) demonstrate that 
deficiency of macrophage neuropili-1 results in impaired 
fatty acid uptake and oxidation, resulting in an exagger-
ated obese glucose-intolerant phenotype in mice. Overall, 
these data suggest a role for resident macrophages in WAT 
homeostasis by controlling lipid turnover.

Emerging evidence also suggests a homeostatic role for 
M2 macrophages via secretion of extracellular vesicles 
(EVs) that carry various cargoes, such as adipokines and 
miRNAs, which impact adipocytes and whole-body insulin 
action. Several recent studies have demonstrated that EVs 
secreted from WAT have systemic functions and contribute 
to the cross-talk between adipocytes and macrophages 
[(86, 87) and reviewed in (88)]. EVs derived from lean 
versus obese human WAT have at least 55 differentially  
expressed miRNAs (89). Although macrophage-derived 
exosomes have been studied most extensively in the con-
text of tumor-associated macrophages; it is possible that 
changes in overall WAT exosome-miRNA profiles in lean 
compared with obese samples partially derive from M2 ver-
sus M1 macrophages in the AT. With regard to miRNA re-
leased from WAT macrophages, miR-155 is upregulated in 
M1-like macrophages and seems to control macrophage 
inflammatory phenotype (90). miR-330-5p is also inflam-
matory, and its inhibition promotes M2 polarization (69).

These are a few examples of alternative roles for macro-
phages in regulating WAT homeostasis, and future studies 
are sure to reveal additional functions for these regulatory 

cells, in particular with the various cargoes that exosomes 
from M2-like macrophages might deliver.

AN EMERGING PARADIGM OF ADIPOSE TYPE 
2 INFLAMMATION: AN AXIS OF ILC2 CELLS, 

EOSINOPHILS, MACROPHAGES, AND WAT BEIGING

Due to the abundance of M2-like macrophages in lean 
functional AT, investigators have sought to understand what 
other type 2 immune cells may be present, and what their 
role is in sustaining an anti-inflammatory state. A variety of 
T cell subsets were discovered to influence macrophage in-
flammatory state and, subsequently, WAT function, which 
we will not discuss here as it is nicely summarized in a re-
view by Winer and Winer (91). Another more recently 
identified mediator of WAT macrophage polarization and 
WAT function is the eosinophil, observed for the first time 
in AT in 2011 (32). Eosinophils are classically associated 
with parasitic infections and allergic diseases like asthma 
(92), but are more recently acknowledged for potential 
roles to regulate “local immunity and/or remodeling/re-
pair in both health and disease” (Ref. 93; p.563). Initial 
studies in WAT showed eosinophils associated with lean 
healthy WAT, and that eosinophils promoted M2-like po-
larization of WAT macrophages (32, 94, 95). Wu et al. (32) 
were the first to show that WAT eosinophils decline with 
weight gain in association with increased AT M1-like mac-
rophages and metabolic impairments. Interestingly, mouse 
models with systemically increased eosinophils were im-
pervious to high-fat diet (HFD)-induced obesity and insu-
lin resistance, while eosinophil-deficient mice were more 
vulnerable to the onset of insulin resistance (32). Molofsky 
et al. (94) further elucidated that WAT eosinophil num-
bers are maintained by IL-5, which is largely secreted by 
local ILC2s. Building upon these initial findings, Hams 
et al. (95) showed that body weight and glucose control 
are improved by ILC2 and NKT cells in a model of HFD-
induced obesity, attributed to the accumulation of eosino-
phils and M2-like macrophages in visceral WAT. Aiding in 
maintaining an anti-inflammatory state of WAT, resident 
eosinophils were shown to express IL-4 and ILC2s to ex-
press IL-13 (32, 94). Published simultaneously, Rao et al. 
(73) and Qiu et al. (74) provided evidence that, upon 
cold-exposure, eosinophils could induce WAT beiging by 
polarizing M2-like macrophages. These combined studies 
suggested that ILC2s, eosinophils, and M2-like macro-
phages influence metabolic health through the regulation 
of AT inflammation, beiging capacity, and insulin resis-
tance by facilitating a network of immune cell interactions 
(Fig. 1). In the simplest terms, AT M2-like macrophages, 
eosinophils, and ILC2s positively correlated with AT health.

AN EVOLUTION OF THE ADIPOSE INNATE TYPE 
2 INFLAMMATION PARADIGM: CAVEATS AND 

CONTROVERSIES

While the few reports mentioned above helped to for-
mulate an initial idea of how a mechanism of innate type 2 
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inflammation may occur in WAT, a series of studies fol-
lowed that have either supported, further refined, or, in 
some cases, refuted those initial findings. Given the recent 
discovery of these innate type 2 cellular mediators in WAT, 
the scientific rigor of consecutive studies by multiple groups 
has continued to shape this new emerging paradigm.

Macrophages in WAT type 2 inflammation: caveats and 
controversies

There has been a great deal of discussion within the im-
munometabolism field around work showing that IL-4/ 
IL-13 secreted by WAT eosinophils induced macrophage 
expression of tyrosine hydroxylase (TH). In the first two 
publications on this topic, the authors suggested that mac-
rophage TH was required for catecholamine production 
that resulted in beiging of subcutaneous WAT (74, 96). 
These findings were disputed in a multi-laboratory report 
providing strong evidence that WAT macrophages cannot 
express TH and, therefore, cannot produce catecholamines 
to beige WAT (97), which called into question the upstream 
role of eosinophils in beiging as well. Additional studies 
have provided further insight by revealing the presence of 
nerve-associated macrophages (NAMs)/sympathetic NAMs  

(SAMs) that line TH-producing sympathetic nerves within 
WAT (98, 99). It was found that the NAMs/SAMs could 
collect and catabolize catecholamines secreted by nerves, 
and in this way modulate the available pool of catechol-
amines that could otherwise act on proximal adipocytes 
(Fig. 1). While it is not yet known whether eosinophils in-
teract with these NAMs/SAMs, it appears that these spe-
cialized macrophages indirectly adjust the catecholamine 
reserves responsible for beiging WAT. Another potential 
explanation that would require WAT macrophages for 
beiging, but still allow for WAT nerve-derived catechol-
amines, could be similar to what was discovered in BAT in 
the Wolf et al. (34) study, in which macrophages were re-
quired for proper BAT nerve innervation. Thus, without 
functional macrophages, it is possible that WAT nerve in-
nervation would be impaired and catecholamines would 
not be produced under beiging stimuli.

Macrophages have the capacity to regulate beiging of 
WAT, yet the mechanism is still debatable because it is un-
known which WAT cells exclusively express the TH required 
to produce catecholamines that enact beiging (Fig. 1). 
Fewer studies have attempted to measure TH directly in 
WAT macrophages, compared with whole WAT levels. Of 

Fig.  1.  Summary of known and potential innate type 2 immune cell interactions in the regulation of AT 
homeostasis. Stimuli, such as helminth infection, caloric restriction, or cold exposure, can induce the expres-
sion of IL-33/IL-25 to drive ILC2 numbers and activation. ILC2s secrete IL-5 to increase eosinophil numbers, 
which, in concert with one another, produce IL-13 and/or IL-4 to maintain M2-like macrophages (M2M) or 
polarize M1-like macrophages (M1M) into M2 macrophages. While innervating nerves are classically under-
stood as the primary source of AT catecholamines, controversial data suggests that M2 macrophages and 
eosinophils may also supply catecholamines via expression of TH. Sympathetic NAMs/SAMs tightly align with 
AT nerves and can both uptake and catabolize nerve-derived catecholamines, reducing the available pool. 
Regardless of the source, catecholamines induce a thermogenic active state in adipocytes of WAT known as 
beiging. Alternatively, ILC2s have been shown to induce beiging via methionine enkephalin peptides, inde-
pendent of eosinophils and M2 macrophages.
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those that have tested for WAT macrophage TH under a 
variety of conditions, four studies indicated detectable lev-
els (70, 74, 96, 100), while four studies equally rigorously 
showed that WAT macrophages do not express TH (97–99, 
101). Authors of one study supporting macrophage TH ex-
pression interpreted a positive TH result based on selective 
depletion of TH in myeloid cells with the LysMcre mouse 
(74); however, a subsequent publication has shown heavy 
neuron and nerve fiber expression of the lysozyme 2 (lyz2) 
promoter (102) and, thus, TH would likely also be removed 
from such cell types, potentially confounding the otherwise 
assumed selective manipulation of macrophage-derived 
versus nerve-derived TH. To add yet another layer of com-
plexity, another WAT myeloid cell has been identified as a 
source of catecholamines: the eosinophil. Work by Withers 
et al. (103) provided evidence that eosinophils can induce 
the anti-contractile effect of perivascular AT (PVAT) on 
surrounding vasculature via catecholamines. They showed 
that vessels with PVAT from dblGATA mice (Gata1 muta-
tion mouse line) lacking eosinophils were more constricted 
upon stimulation than vessels with normal PVAT. However, 
reconstitution of purified eosinophils to dblGATA PVAT 
vessels restored the relaxation effect. Furthermore, immu-
nohistochemistry showed TH in eosinophils, and that 
preincubation of purified eosinophils with a TH inhibitor 
[-methyl-p-tyrosine (AMPT)] impaired their relaxation 
effect on PVAT vessels. Lastly, they measured detectable 
levels of catecholamines (epinephrine, norepinephrine, 
and dopamine) produced by purified eosinophils in vitro. 
In light of the studies summarized above, this topic remains 
controversial and will need further study to delineate the 
exact source(s) of catecholamines required for beiging 
and other processes in WAT.

Eosinophils in WAT type 2 inflammation: caveats and 
controversies

The role of eosinophils in AT has now been examined in 
at least 30 different studies (14, 16, 31, 32, 72–74, 94, 95, 
103–123), many of which are highlighted in Table 1. One 
of the most common readouts in examining the role of AT 
eosinophils has been whole-body glucose tolerance, tested 
in at least 21 of these works (14, 16, 32, 68, 73, 74, 94, 95, 
103–106, 108, 110, 111, 113, 116, 117, 120, 122, 123). The 
first study to show improvements in glucose tolerance as-
sociated with increased WAT eosinophils used the IL-5 
transgenic (IL-5tg) mouse (32). The primary caveat of this 
model is that this mouse line is known to be somewhat 
sickly, even at baseline, before any experimental manipula-
tion. It is not too surprising then that IL-5tg mice did not 
gain as much weight as their wild-type counterparts when 
placed on a HFD (32). This is an issue because weight loss 
or a lack of weight gain, often regardless of mechanism or 
disease, can impart improved glucose tolerance and re-
duced AT inflammation (124, 125). Therefore, it is diffi-
cult to know whether the increased eosinophils in WAT 
were responsible for the reduced weight and improved glu-
cose tolerance, or whether the weight of the mouse was in-
fluenced by the systemic increases in eosinophils that occur 
throughout the rest of the IL-5tg mouse, which then ac-

counted for improved glucose homeostasis. Several studies 
have used alternative ways to increase WAT eosinophils, 
such as the parasitic infection model (14, 94, 104, 109, 111, 
112). Yet again, the question must be asked of whether the 
weight loss simply occurred due to the mouse being ener-
getically taxed while clearing an infection. One study used 
a honeybee extract, propolis, to increase WAT eosinophils 
and reported improved glucose tolerance (122). It must be 
acknowledged, however, that a parasitic infection most cer-
tainly modulates a number of other immune cells, and it 
is unknown how propolis influences other immune pro-
cesses; for this reason, it is not possible to say that the in-
creased eosinophils are definitively responsible for the 
improved glucose tolerance in such models, as they were 
nonspecific modulations of eosinophils. In our own stud-
ies, we found that despite specifically elevating numbers of 
WAT eosinophils in obese mice with either recombinant 
IL-5 (rIL-5) treatment or using CC motif chemokine recep-
tor 2 (CCR2)-deficient mice, there was no improvement in 
glucose tolerance (72, 110, 123). Several studies have uti-
lized IL-33 to increase ILC2s, eosinophils, and/or M2-like 
macrophages in WAT, often associated with weight loss 
and improved glucose control (31, 94, 106, 112, 115, 117, 
119). However, one group noted that IL-33 administration 
resulted in diarrhea and reduced food intake (106), either 
of which could induce weight loss (and subsequent meta-
bolic benefits) independent of modulating WAT immune 
cell populations. This is an example of a complication that 
all metabolic and weight studies attempt to avoid in order to 
conclusively assume that the improved metabolic readouts 
of the study are due to the proposed biological mechanism 
and not an unintended off-target induction of weight loss.

In contrast, models of eosinophil deficiency do seem to 
definitely support a role for eosinophils in maintaining 
glucose tolerance. In dblGATA and IL-5/ transgenic 
mouse lines, which have a near complete absence of eo-
sinophils, HFD feeding resulted in greater glucose intoler-
ance compared with wild-type mice (32, 94, 111). Thus, 
while it is difficult to be confident that increasing WAT eo-
sinophils over baseline improves glucose tolerance, deplet-
ing eosinophils negatively impacts glucose tolerance in all 
published studies to date.

In addition to testing glucose tolerance, studies have also 
yielded mixed results on the role of eosinophils in WAT 
beiging. Several reports have data suggesting that eosino-
phils may be required for the WAT beiging in their models 
(16, 31, 73, 74, 115). While Van den Berg et al. (109) cor-
roborated data that helminth stimulation elicited eosino-
philia in epididymal AT and subcutaneous AT, they saw no 
associated beiging in epididymal AT and a very minimal indi-
cation of beiging in subcutaneous AT. Likewise, our own 
laboratory has published data showing that while WAT eo-
sinophils increased with 48 h cold exposure, fat pads with 
further increased eosinophils by rIL-5 treatment had no indi-
cation of increased beiging capacity (110). In the same study, 
we found that increased WAT eosinophils from rIL-5 treat-
ment yielded no improvements in lipid and mixed-meal tol-
erance, insulin sensitivity, weight gain, metabolic rate, food 
intake and locomotion, or general inflammation (Table 1).
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TABLE  1.  Comparative assessment of the role of eosinophils in at homeostasis and systemic metabolic health across multiple studies

Metabolic 
Parameter Experiment Study Authors (Citation)

Definitive Role  
of Eosinophils Rationale

Glucose 
tolerance

GTT Wu et al., 2011 (32) Yes dblGATA (eosinophil/) mice → impaired GTT on HFD
Wu et al., 2011 (32) No Sickly nature of IL-5tg mice may explain ameliorated weight gain 

and improved GTT
Molofsky et al., 2013 (94) Yes IL-5/ (eosinophil/) mice → impaired GTT on HFD
Zhu et al., 2013 (68) No Eosinophils correlated with better GTT, but no causation
Hams et al., 2013 (95) No Glucose tolerance was not proportional to eosinophil number
Kitamura et al., 2013 (122) No Propolis → could target cells other than eosinophils
Berbudi et al., 2016 (111) No Litomosoides sigmodontis → also targets cells other than eosinophils
Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter GTT

Lipid  
tolerance

LTT Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter LTT

Mixed-meal 
tolerance

MTT Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter MTT

Insulin 
sensitivity

AT insulin  
sensitivity:

Wu et al., 2011 (32) Yes dblGATA mice → ↓ pAKT on HFD

pAKT signaling Molofsky et al., 2013 (94) Yes IL-5/ mice → impaired ITT on HFD
ITT Zhu et al., 2013 (68) No Eosinophils correlated with better HOMA-IR, but no causation 

shown
HOMA-IR Kitamura et al., 2013 (122) No Propolis → not specific to eosinophils

Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter pAKT
Weight gain Fat mass Wu et al., 2011 (32) Yes dblGATA mice → ↑ fat mass on HFD

Body mass Wu et al., 2011 (32) No Sickly nature of IL-5tg mice may explain ameliorated weight gain
Molofsky et al., 2013 (94) Yes IL-5/ mice → ↑ fat mass on HFD
Hams et al., 2013 (95) No Weight loss was not proportional to eosinophil #
Kitamura et al., 2013 (122) No Despite ↑ eosinophils → no  in weight
Satoh et al., 2013 (120) No Reduced weight in Trib1/ mice correlates with low eosinophils 

→ no causation
Berbudi et al., 2016 (111) No L. sigmodontis → not specific to eosinophils
Fabbiano et al., 2016 (16) No ↓ Weight from caloric restriction correlates with ↑ eosinophils → 

no causation
Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter fat mass

Beiging UCP-1 expression Qiu et al., 2014 (74) Yes 4get-dblGATA mice → reduced expression of AT UCP-1 during 
cold

Brestoff et al., 2015 (117) No ↑ UCP-1 expression not dependent on eosinophils → occurred 
with ILC2 alone

Rao et al., 2014 (73) Yes dblGATA mice → ↓ UCP-1 when induced by Metrnl
Suarez-Zamorano et al., 

2015 (116)
No ↑ Eosinophils from microbiota depletion correlate with UCP-1 

→ no causation
Lee et al., 2015 (115) No dblGATA mice still elicited beige progenitors upon IL-33 

stimulation
dblGATA mice have lower baseline beige progenitors

Fabbiano et al., 2016 (16) No ↑ UCP-1 from caloric restriction correlates with ↑ eosinophils → 
but no causation

Ding et al., 2016 (31) No ↑ Eosinophils from rIL-33 correlate with UCP-1 → no causation
ILC2s were also ↑ with eosinophils → ILC2s can ↑ UCP-1 so it’s 

unclear which is responsible
Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter UCP-1

Metabolic rate EE Molofsky et al., 2013 (94) Yes dblGATA mice → ↓ EE on HFD
Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter EE

Food intake/ 
locomotion

Mass eaten Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter food intake or movement
Line-breaks

Inflammation Type 2 cytokines Wu et al., 2011 (32) No Sickly nature of IL-5tg mice may explain ameliorated weight  
gain → thus more M2 macrophages

M2-like macrophage 
polarization

Wu et al., 2011 (32) No IL-4/13/ mouse model is not specific to eosinophils
Molofsky et al., 2013 (94) No Rag2/ × C mice lack AT eosinophils and ILC2s → ILC2s can 

directly impact macrophages
Hams et al., 2013 (95) No M2 macrophages not proportional to eosinophil number
Kitamura et al., 2013 (122) No Propolis → not specific to eosinophils

M2 macrophages → some genes ↑ and some ↓
Satoh et al., 2013 (120) No Lack of M2 macrophages in Trib1/ mice correlates with low 

eosinophils → but no causation
Bolus et al., 2015 (72) No ↑ Eosinophils in CCR2/ mice correlate with M2 macrophages → 

no causation
Suarez-Zamorano et al., 

2015 (116)
No ↑ Eosinophils from microbiota depletion correlate with M2 

macrophages → no causation
Berbudi et al., 2016 (111) No L. sigmodontis → also targets cells other than eosinophils
Fabbiano et al., 2016 (16) No ↑ Type 2 cytokines and M2 macrophages from caloric restriction 

correlates with ↑ eosinophils → but no causation
Ding et al., 2016 (31) No ↓ Eosinophils did not reduce M2 macrophages, and in some 

cases, ↑ M2 macrophages
Qin et al., 2017 (126) No Eosinophils preincubated with oxidized-LDL polarize M2 

macrophages to M1 macrophages
Bolus et al., 2017 (110) No ↑ Eosinophils via rIL-5 did not alter M2 macrophages
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The literature suggests that a minimum number of eo-
sinophils are necessary for WAT homeostasis, but increasing 
eosinophils is not always sufficient to impart metabolic im-
provements (e.g., weight loss, glucose tolerance, insulin sen-
sitivity, WAT beiging). A major caveat remains that the effect 
of depleting eosinophils post normal development has 
never been tested. To our knowledge, all eosinophil deple-
tion models studying metabolic deficits have been carried 
out in genetically modified mice that lacked eosinophils 
throughout all of development. Therefore, it is unknown 
whether the greater impact of eosinophil depletion is pre or 
post in utero development. This underscores a potentially 
important area of AT biology that has yet to be explored.

ILC2s in WAT type 2 inflammation: caveats and 
controversies

To date, at least 10 primary research articles have exam-
ined the role of ILC2s in WAT homeostasis (14, 16, 31, 94, 
95, 112, 113, 115, 117, 119). The initial studies proposed 
that IL-33/IL-25 upregulates WAT ILC2s that then recruit 
eosinophils via IL-5, which are capable of increasing M2-
like macrophages and ultimately yielding better WAT ho-
meostasis (94, 95, 119). While data supporting a role of 
ILC2s in WAT homeostasis grows stronger, it appears that 
their downstream target, the eosinophil, may not be required 
for the beneficial effects. A publication by Brestoff et al. 
(117) showed that while IL-33 can stimulate ILC2s to induce 
WAT beiging, their model was independent of eosinophils. 
Instead, their evidence showed that ILC2s act directly on 
adipocytes via methionine-enkephalin peptides to increase 
UCP-1. Likewise, a study by Hams et al. (14) used an RNase 
glycoprotein extracted from the Helminth egg to elicit weight 
loss and improve glucose tolerance associated with increased 
ILC2s, eosinophils, and M2-like macrophages. However, 
upon administering a deactivated form of the RNase, weight 
loss and glucose tolerance improvements were abolished 
along with inhibition of increased ILC2s and M2-like macro-
phages, despite eosinophils remaining elevated (14). Thus, 
the elevated eosinophils in this model using a helminth ex-
tract were not necessary or sufficient to polarize macro-
phages and improve WAT homeostasis. In fact, the RNase 
was able to act directly on adipocytes and macrophages via 
the mannose receptor, CD206, to impart metabolic improve-
ments (i.e., WAT beiging) (14).

As is evident in the studies discussed above, a complica-
tion of most WAT ILC2 studies conducted is the concur-
rent rise in WAT eosinophils. Therefore, any mechanism 
increasing ILC2s or their activity may appear to improve 
WAT health via eosinophils because eosinophils often also 
increase under such circumstances, but the increased eo-
sinophils may not be required and may rather be a second-
ary effect of altering ILC2s. Future studies could determine 
under what conditions (e.g., exercise, cold exposure, ca-
loric restriction, etc.) ILC2s and eosinophils are both re-
quired or whether one cell type is sufficient to impart 
metabolic benefits. One study has begun more specifically 
probing this elusive mechanism by performing a selective 
transfer of only ILC2s and inducing beiging independent 
of eosinophils, IL-4 receptor signaling, or the adaptive im-
mune system (117). More technical approaches like this, 
that manipulate a single cell type at a time, will be required 
to fully elucidate the key cell types necessary for innate type 
2 regulation of WAT homeostasis.

CONCLUDING REMARKS ON INNATE TYPE 2 
INFLAMMATION IN AT

AT is now recognized as much more than a simple stor-
age site for excess energy. Rather, it is now appreciated as an 
endocrine organ capable of secreting hormones and cyto-
kines that regulate both local and systemic functions. Dys-
regulated AT homeostasis impairs the functional output of 
various other tissues, largely through ectopic lipid storage 
and excess inflammation, leading to systemic metabolic 
consequences and disease (e.g., cardiovascular disease, type 
2 diabetes, insulin resistance, glucose intolerance, certain 
cancers, infertility, respiratory issues, hypertension, etc.).

Decades of research endeavors have revealed that broad 
and diverse immune cell populations reside in AT and are 
integral to homeostatic preservation. Obesity is perhaps the 
most well-studied dysfunctional state of AT; during obesity, 
an existing type 2 anti-inflammatory network of immune 
cells gives way to an accrual of pro-inflammatory immune 
cells, which generate a type 1 cytokine cocktail that disrupts 
AT homeostasis. Despite extensive research of the pro-in-
flammatory state of AT in obesity, there has been a signifi-
cant knowledge gap left as to how type 2 immune cells 
contribute to AT function under healthy lean conditions.

TABLE  1.  Continued.

Metabolic 
Parameter Experiment Study Authors (Citation)

Definitive Role  
of Eosinophils Rationale

Adipose 
architecture

Perivascular Gouon-Evans, Rothenberg, 
and Pollard, 2000 (127)

Yes Eotaxin/ mice → poor mammary branch formation

Mammary gland Heredia et al., 2013 (128) Yes dblGATA mice → impaired FAP proliferation and muscle 
regeneration

dblGATA mice → impaired anti-contractile perivascular 
function

FAP muscle 
regeneration

Withers et al., 2017 (103) Yes Reconstituting eosinophils restored anti-contractile perivascular 
function

GTT, glucose tolerance test; LTT, lipid tolerance test; MTT, mixed-meal tolerance test; ITT, insulin tolerance test; HOMA-IR, homeostatic model 
assessment of insulin resistance; EE, energy expenditure; CCR2, CC motif chemokine receptor 2; Eotaxin/, eotaxin null mouse line; FAP, fibro/
adipocyte progenitor; pAKT, phosphorylated adenosine triphosphate; Rag2/, recombination activating gene 2 null mouse line; Trib1/, tribbles 
pseudokinase 1 null mouse line. 
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Recent research has shown that type 2 immune cells in 
WAT have diverse roles ranging from generating appropri-
ate angiogenesis and clearance of apoptotic cells to regu-
lating local iron stores and inducing thermally active 
energy-burning adipocytes. These homeostatic properties 
of WAT are micro-managed in part by cells of both the in-
nate immune system (e.g., M2 macrophages, eosinophils, 
ILC2s, and iNKT cells) and the adaptive immune system 
(e.g., regulatory T cells, CD4 type 2 helper T cells, and B 
cells). This review has primarily highlighted the contribu-
tion of a portion of the innate type 2 immune cells, due to 
an intense drive of late to understand the axis of M2-like 
macrophages, eosinophils, and ILC2s in WAT homeostasis. 
We have attempted to emphasize the commendable efforts 
of the pioneers in this field, while still acknowledging cave-
ats where they exist. Further study will elucidate the full 
extent to which innate type 2 immune cells influence AT 
homeostasis; ultimately yielding a greater basic under-
standing of human physiology with the promise of reveal-
ing potential therapeutic targets to tackle the healthcare 
burdens of today’s world.
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