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Contemporary immunologists may perhaps be 
pardoned for their immunocentric views of biol-
ogy and medicine. Recent decades have brought 
recognition of the fact that inflammation is cen-
tral to the pathogenesis of most diseases, whether 
infectious, autoimmune, autoinflammatory, aller-
gic, vascular, neurodegenerative, malignant, met-
abolic, monogenic, or (likely, in many cases) 
idiopathic. Advances in immunology also hold 
promise for the rational development of vaccines 
against pathogens that cause an immense burden 
of morbidity and mortality in the world at large, 
including malaria, HIV, and tuberculosis. Further-
more, to succeed, emerging therapeutic modali-
ties of the 21st century have to take the demands 
and burdens of the immune system into account, 
something which is often ignored at first (e.g., 
stem cell therapy; Zhao et al., 2011). Finally, as  
attention has turned to the relationship between 
vertebrates and their microbiota, dynamic bidi-
rectional interactions between the immune sys-
tem and its fellow travelers (benign and otherwise) 
have come into focus. Immunology thus cuts 
across the arbitrary and practical divides—organ 
system, disease process, methodology, and organi-
zational structure—of biomedical research, clini-
cal medicine, and public health. The diverse reach 
of the immune system is illustrated by recent pa-
pers describing a surprising role for IL-4, a cyto-
kine whose activities were long considered to be 
confined to the immune realm, in the organismal 
response to diverse environmental stressors.

Alternative activation of macrophages  
by IL-4/13
Although IL-4 was discovered by Bill Paul’s 
group in 1982 as a factor that promoted B cell 

proliferation (Howard et al., 1982), it (and the 
related cytokine IL-13) came to prominence 
as regulatory and effector cytokines critical to  
the biology of Th2-polarized immune responses 
that are important both in protection against  
helminth infection as well as in the pathogen-
esis of allergic diseases (Urban et al., 1991, 1998; 
Brusselle et al., 1994; Wills-Karp et al., 1998). 
IL-4 was also recognized early on to play an 
important role in restraining inflammatory re-
sponses, whether polarized or not (Fiorentino 
et al., 1989; Powrie et al., 1993; Brunet et al., 
1997). Related genetically and structurally, these 
four-helix-bundle short-chain cytokines use 
overlapping receptor components (IL-4R/ 
IL-13R1), share overlapping downstream 
signaling machinery (e.g., JAK1, JAK2, and 
STAT6), and drive a plethora of common and 
divergent effects on a wide spectrum cell types, 
both immune and nonimmune (Wills-Karp and 
Finkelman, 2008; Martinez et al., 2009).

The effects of IL-4 and IL-13 on macro-
phages have been a major focus of immuno-
logists. When macrophages are stimulated with 
IL-4 or IL-13 in the absence of IFN- (and/or 
TLR ligands), a distinct pattern of gene expres-
sion, cell surface molecule, and phenotypic 
changes occurs relative to those induced by 
IFN- (±TLR ligand) stimulation. Siamon  
Gordon described the former as “alternative ac-
tivation” of macrophages, to distinguish it from 
the latter (“classical activation”; Stein et al. 1992). 
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metabolic syndrome, type 2 diabetes, atheroscle-
rosis, and nonalcoholic fatty liver disease. The 
immune system provides a critical pathogenic 
link between obesity and its pernicious sequelae 
(Shoelson et al., 2006; Schenk et al., 2008). Adi-
pocytes appear to be important in activating the 
proinflammatory cascades that drive insulin resis-
tance with increasing adiposity (Schenk et al., 
2008). Macrophages represent the numerically 
dominant immune cell population in white adi-
pose tissue (WAT) at baseline and are specifically 
recruited to the WAT of obese mice and humans 
(Weisberg et al., 2003; Xu et al., 2003), where 
they promote both the disposal of cellular debris 
resulting from adipocyte death and adipose tissue 
remodeling. Adipose-associated macrophages 
also play a central role in promulgating obesity-

associated inflammation (Schenk et al., 2008). Notably, the 
tissue macrophages normally resident in the WAT of lean 
animals have an AAM-like phenotype, and progression of 
obesity is associated with a switch to a CAM-like phenotype 
(Fig. 1 A; Lumeng et al., 2007; Odegaard et al., 2007). The 
NALP3 inflammasome may have a role in this phenotypic 
switch (Vandanmagsar et al., 2011), perhaps via the sensing of 
cholesterol crystals (Duewell et al., 2010) released by dying 
adipocytes. In addition, multiple lines of evidence support a 
pathogenic role for WAT CAM in obesity-induced insulin 
resistance (Chawla et al., 2011).

Reciprocally, AAMs have a role in sustaining insulin  
sensitivity by adipocytes. Execution of the AAM program 
depends on signaling through PPAR-, and mice with a 
macrophage-specific deletion in PPAR- expression exhibit 
worsened insulin resistance and glucose intolerance when 
challenged with high fat diets (Bouhlel et al., 2007; Odegaard 
et al., 2007). PPAR- expression is induced by IL-4 and  
IL-13, but the biologically relevant source of these cytokines 
in fat has been unclear. Although originally identified as 
adaptive cytokines produced by Th2-polarized CD4+ T cells, 
an expanding number of innate cells—including granulocytes 
and diverse populations of innate lymphocytes—have now been 
identified as robust producers of these cytokines (Oliphant  
et al., 2011; Wills-Karp and Finkelman, 2011). Wu et al. (2011) 

Broadly speaking, classically activated macrophages (CAM; 
M1 macrophages) play important roles in defense against bac-
teria, protozoa, and viruses and drive proinflammatory tissue 
damage; alternatively activated macrophages (AAM; M2 
macrophages) contribute to defense against helminthes, drive 
allergy pathogenesis, suppress inflammation (in part by antag-
onizing CAM responses), regulate wound healing, and drive 
fibrosis (Murray and Wynn, 2011a,b). It should be noted that 
the CAM/AAM paradigm in no way exhausts the polariza-
tion capacity of macrophages (the exquisite tissue specificity 
of resident macrophages aside), but despite its many caveats 
and weaknesses, the paradigm has provided theoretical and 
experimental guidance to the deconvolution of macrophage 
phenotypes and biology over the last decade (Murray and 
Wynn, 2011a,b). Indeed, the utility of the CAM/AAM para-
digm has recently spilled beyond classical immunobiology. 
Following on the heels of a considerable body of work defin-
ing a role for AAM in restraining deleterious proinflamma-
tory responses in obesity, recent studies have implicated 
AAM in defense against both cold stress and cognitive stress.

Eosinophils, AAMs, and obesity
The obesity pandemic continues unabated (Finucane et al., 
2011), bringing in its wake dramatic increases in the inci-
dence of common metabolic and end-organ sequelae such as 

Figure 1. AAMs promote tissue homeostasis in white 
and brown adipose tissue. (A) In WAT, eosinophils pro-
duce IL-4, which acts on AAM. AAMs are required to main-
tain insulin sensitivity at steady state. In response to IL-4, 
AAMs produce norepinephrine, which stimulates lipolysis. 
Obesity triggers a shift from AAM to CAM, possibly via 
NALP3 inflammasome activation by cholesterol crystals, 
and this shift contributes to insulin resistance. (B) BAT is 
enervated by sympathetic nerves, which produce norepi-
nephrine in response to cold stress. Cold stress also in-
duces the production of IL-4/13 in BAT (from an unknown 
cell type), thus increasing alternative activation of BAT 
macrophages, which themselves produce norepinephrine 
and trigger adaptive thermogenesis.
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stress up-regulates markers of alternative acti-
vation in adipose tissue macrophages and that 
Il4//Il13/ and Stat6/ mice are com-

promised in their ability to maintain their body temperature 
during such stress. In this model, AAM in adipose tissue di-
rectly produce norepinephrine, driving the adaptive thermo-
genic program in BAT and providing fuel for this by 
up-regulating lipolysis in WAT (Fig. 1 B; Nguyen et al., 
2011). Using mice lacking IL-4R specifically on macro-
phages, the authors demonstrated that bolus injection of IL-4 
promoted alternative activation of macrophages in BAT and 
WAT coincident with rapid increases in oxygen consump-
tion. Collectively these data provide strong evidence for a 
role for IL-4 and AAM in the response to cold stress. How-
ever, many questions remain, including the relevant sources 
of IL-4 in BAT, whether such exposures lead to local tissue 
macrophage proliferation (Jenkins et al., 2011), and the rela-
tive role of macrophage- and neuron-derived norepineph-
rine in this response.

As an important sidebar, the great plasticity of macro-
phages, the fact that an in vivo macrophage is unlikely to en-
counter IL-4 or IL-13 in the absence of other stimuli, and the 
fact that many marker genes are not, in fact, specific for 
AAMs, have led to difficulties in defining AAMs (Murray and 
Wynn, 2011a,b). One solution is to return to the original 
observations of of Siamon Gordon, with the simplest practi-
cal definition being that AAMs are the result of IL-4/IL-13 
stimulation of STAT6 via the IL-4R chain (Murray and 
Wynn, 2011b). This definition is effectively used by Nguyen 
et al. (2011), who employed a combination of mice lacking 
Il4/and Il13/ or Stat6/, as well as those lacking IL-4R 
expression only by macrophages, to conclusively assign an 
AAM phenotype to the BAT and WAT macrophages that 
facilitate adaptive thermogenesis.

Mnemosyne and the AAM?
IL-4 has also been reported to play an important role in learn-
ing and memory. Extensive work has linked proinflamma-
tory cytokine activity in the central nervous system (e.g., in 
infection, aging, and depression) with cognitive impairment, 
and studies have shown that T cell–deficient mice are impaired 
in learning and memory (Kipnis et al., 2004; Brynskikh et al., 
2008). Following up on this, a recent study by Derecki et al. 
(2010) provided evidence for cognitive impairment in mice 
lacking IL-4, a finding correlated with increased proinflam-
matory cytokine production by meningeal macrophages.  
In the authors’ model, cognitive stress generated by training 
the mice to navigate a Morris water maze leads to increased 

recently established that eosinophils are the main IL-4– 
producing cells in WAT and are required for the mainte-
nance of AAM in nonobese mice (Fig. 1 A). Furthermore, a 
reciprocal relationship was found between obesity and WAT 
eosinophil frequency in both diet-induced and genetic mod-
els of obesity, as mice lacking eosinophils responded to ca-
loric challenge with greater glucose dysmetabolism than 
controls. Helminth infection augmented adipose tissue eo-
sinophilia, leading to sustained enhancement of glucose tol-
erance with caloric stress (Wu et al., 2011). The latter finding 
underscores the fact that responses to infection provide a use-
ful theoretical framework for understanding part of the com-
plex relationship between immunity and metabolism (Chawla  
et al., 2011). AAM-driven up-regulation of nutrient storage 
sequesters nutrients away from pathogens, and may thus pro-
vide an advantage to the host during the chronic, low inten-
sity challenge of helminth infection. In contrast, CAM-driven 
insulin resistance, associated with acute, high intensity infec-
tion by bacteria, viruses, and protozoa, likely provides an ad-
vantage to the host by supporting the increased need for 
aerobic glycolysis to drive lymphocyte proliferation, macro-
phage functions, and dendritic cell activation (Krawczyk et al., 
2010; Chawla et al., 2011). What benefit, if any, obesity- 
associated, CAM-driven inflammation might provide to the 
uninfected host remains unclear.

AAMs and adaptive thermogenesis
Obesity results from an imbalance between energy intake and 
expenditure. In addition to that expended in basal metabolic 
processes and physical activity, energy is expended through 
cold-induced nonshivering thermogenesis and diet-induced 
thermogenesis (Cannon and Nedergaard, 2004, 2011). These 
two processes occur largely via brown adipose tissue (BAT), 
an organ specialized for heat dissipation via uncoupling of 
mitochondrial respiration from ATP synthesis in a process 
mediated by uncoupling protein 1. Nonshivering thermo-
genesis and diet-induced thermogenesis are facultative (able 
to be turned on rapidly) and adaptive (able to undergo ex-
pansion of capacity over time through recruitment of in-
creased BAT), and adrenergic stimulation is key to both 
characteristics (Cannon and Nedergaard, 2004, 2011). In the 
classical view of thermogenesis, the relevant adrenergic stim-
ulation derives from norepinephrine released from sympa-
thetic nerves that originate in the hypothalamus and innervate 
BAT. Nguyen et al. (2011) recently showed that severe cold 

Figure 2. IL-4 promotes tissue homeostasis in the 
central nervous system. Training mice to navigate a 
water maze triggers the accumulation of IL-4–produc-
ing T cells in the meningeal space. IL-4 then acts on 
meningeal myeloid cells to reduce the production of 
inflammatory cytokines like IL-12 and TNF, which can 
hinder learning and memory responses.



430

was secondarily co-opted for its utility in anti-helminth re-
sponses and barrier immunity.

More broadly, these studies underscore the essential role of 
tissue macrophages in homeostasis and responses to stress. Mac-
rophages constitute a significant fraction of the number of cells 
in every tissue, where they play critical, pleiotropic, niche- 
specific roles in development, homeostasis, repair, and regener-
ation in addition to host defense (Stefater et al., 2011). The 
current studies emphasize the critical need for optimal pro-
gramming of tissue macrophages by the broader immunologi-
cal environment. It should be noted that although the focus in 
these studies was on IL-4 and AAM, other cytokines (e.g., IL-10) 
and patterns of macrophage response and polarization are likely 
to be just as important (Fiorentino et al., 1991; Murray and 
Wynn, 2011b). These studies also strongly suggest that disease 
states associated with chronic production (or suppression) of such 
cytokines, as well as genetic polymorphisms and therapies that 
modulate their activity, are likely to drive biologically significant, 
as-yet unrecognized, off-target effects on diverse organs through 
effects on macrophage programming and function.
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