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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-13R1), 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.
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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.

Submitted: 11 January 2012
Accepted: 13 February 2012

REFERENCES
Bouhlel, M.A., B. Derudas, E. Rigamonti, R. Dièvart, J. Brozek, S. Haulon, 

C. Zawadzki, B. Jude, G. Torpier, N. Marx, et al. 2007. PPARgamma 
activation primes human monocytes into alternative M2 macrophages 
with anti-inflammatory properties. Cell Metab. 6:137–143. http://
dx.doi.org/10.1016/j.cmet.2007.06.010

Brunet, L.R., F.D. Finkelman, A.W. Cheever, M.A. Kopf, and E.J. Pearce. 
1997. IL-4 protects against TNF-alpha-mediated cachexia and death 
during acute schistosomiasis. J. Immunol. 159:777–785.

Brusselle, G.G., J.C. Kips, J.H. Tavernier, J.G. van der Heyden, C.A. 
Cuvelier, R.A. Pauwels, and H. Bluethmann. 1994. Attenuation of  
allergic airway inflammation in IL-4 deficient mice. Clin. Exp. Allergy. 
24:73–80. http://dx.doi.org/10.1111/j.1365-2222.1994.tb00920.x

Brynskikh, A., T. Warren, J. Zhu, and J. Kipnis. 2008. Adaptive immu-
nity affects learning behavior in mice. Brain Behav. Immun. 22:861–869. 
http://dx.doi.org/10.1016/j.bbi.2007.12.008

Cannon, B., and J. Nedergaard. 2004. Brown adipose tissue: function and 
physiological significance. Physiol. Rev. 84:277–359. http://dx.doi.org/ 
10.1152/physrev.00015.2003

Cannon, B., and J. Nedergaard. 2011. Nonshivering thermogenesis and its 
adequate measurement in metabolic studies. J. Exp. Biol. 214:242–253. 
http://dx.doi.org/10.1242/jeb.050989

Chawla, A., K.D. Nguyen, and Y.P. Goh. 2011. Macrophage-mediated 
inflammation in metabolic disease. Nat. Rev. Immunol. 11:738–749. 
http://dx.doi.org/10.1038/nri3071

Derecki, N.C., A.N. Cardani, C.H. Yang, K.M. Quinnies, A. Crihfield, 
K.R. Lynch, and J. Kipnis. 2010. Regulation of learning and memory 
by meningeal immunity: a key role for IL-4. J. Exp. Med. 207:1067–
1080. http://dx.doi.org/10.1084/jem.20091419

Derecki, N.C., K.M. Quinnies, and J. Kipnis. 2011. Alternatively acti-
vated myeloid (M2) cells enhance cognitive function in immune 
compromised mice. Brain Behav. Immun. 25:379–385. http://dx.doi 
.org/10.1016/j.bbi.2010.11.009

Duewell, P., H. Kono, K.J. Rayner, C.M. Sirois, G. Vladimer, F.G. 
Bauernfeind, G.S. Abela, L. Franchi, G. Nuñez, M. Schnurr, et al. 
2010. NLRP3 inflammasomes are required for atherogenesis and ac-
tivated by cholesterol crystals. Nature. 464:1357–1361. http://dx.doi 
.org/10.1038/nature08938

Finucane, M.M., G.A. Stevens, M.J. Cowan, G. Danaei, J.K. Lin,  
C.J. Paciorek, G.M. Singh, H.R. Gutierrez, Y. Lu, A.N. Bahalim, 

proinflammatory cytokine production (TNF and IL-12) by 
meningeal myeloid cells (presumptively macrophages), with 
homeostasis being provided by the attendant accumulation of 
IL-4–producing T cells in meningeal spaces (Fig. 2). Provi-
sion of IL-4–sufficient T cells decreased inflammatory cyto-
kine production by meningeal myeloid cells and partially 
corrected the defect in learning and memory in IL-4– 
deficient mice. It should be noted that although the IL-4–
producing cells were stated to be Th2 cells, it remains unclear 
from the flow cytometric techniques used whether these are 
CD4+ T cells or an innate lymphocyte population. In addi-
tion, although it was suggested that IL-4 may drive alterna-
tive activation of meningeal macrophages, this was not 
demonstrated using the same criteria used by Nguyen et al. 
(2011). However, later studies showed that the cognitive de-
fects in SCID mice uncovered by this model were partially 
ameliorated by provision of in vitro–generated AAM (Derecki 
et al., 2011). If cognition drives the accumulation of func-
tionally important IL-4–secreting lymphocytes to the menin-
ges, this would provide a potential novel mechanism behind 
the “use it or lose it” admonition in terms of salvaging cogni-
tion from the ravages of aging, a state in which there are 
likely multiple causes for pernicious up-regulation of pro-
inflammatory cytokine production in the central nervous  
system. The model also leads to a number of fascinating per-
plexities. What is the antigen receptor repertoire of such  
T cells? What drives their activation and meningeal accumu-
lation? These studies were done within the theoretical frame-
work of cognitive tasks driving lymphocyte accumulation 
and myeloid cell activation. A credible null hypothesis is that, 
in the absence of IL-4, the basal state of meningeal macro-
phages is marked by deleterious increased proinflammatory 
cytokine production. Far more problematic, however, is the 
use of the Morris water maze as an experimental model of 
learning and memory. It was stated that the water tempera-
ture was kept between 21 and 22°C (Derecki et al., 2010), 
which actually represents a severe cold stress for mice, whose 
thermoneutral zone—in the much more forgiving air—is 
29–32°C (Gordon, 1993). This provides a major confounder 
for all such studies. It appears more likely that the relevant 
stress derives from cold challenge rather than cognitive exer-
tion. The study by Nguyen et al. (2011) provides interesting 
biological context here, although it would be premature to 
suggest morning ice baths as a potential prophylactic against 
the cognitive decline associated with aging.

Concluding remarks
These studies expand our understanding of the role of the 
AAM in homeostatic responses to diverse stresses (Figs. 1 and 
2). They also raise the evolutionary question of what the  
ur-function of Th2 immunity was. A reasonable hypothesis 
deriving from these studies is that the selection pressures un-
derlying the Th2/AAM response derived predominantly 
from a critical need to maintain tissue homeostasis, preserving 
organ function at baseline and in response to diverse environ-
mental stressors, and that the antiinflammatory response cassette 

Non-canonical alternatives | Karp and Murray

http://dx.doi.org/10.1016/j.cmet.2007.06.010
http://dx.doi.org/10.1016/j.cmet.2007.06.010
http://dx.doi.org/10.1111/j.1365-2222.1994.tb00920.x
http://dx.doi.org/10.1016/j.bbi.2007.12.008
http://dx.doi.org/10.1152/physrev.00015.2003
http://dx.doi.org/10.1152/physrev.00015.2003
http://dx.doi.org/10.1242/jeb.050989
http://dx.doi.org/10.1038/nri3071
http://dx.doi.org/10.1084/jem.20091419
http://dx.doi.org/10.1016/j.bbi.2010.11.009
http://dx.doi.org/10.1016/j.bbi.2010.11.009
http://dx.doi.org/10.1038/nature08938
http://dx.doi.org/10.1038/nature08938


JEM Vol. 209, No. 3 431

Perspect ive

et al; Global Burden of Metabolic Risk Factors of Chronic Diseases 
Collaborating Group (Body Mass Index). 2011. National, regional, 
and global trends in body-mass index since 1980: systematic analysis 
of health examination surveys and epidemiological studies with 960 
country-years and 9·1 million participants. Lancet. 377:557–567. http://
dx.doi.org/10.1016/S0140-6736(10)62037-5

Fiorentino, D.F., M.W. Bond, and T.R. Mosmann. 1989. Two types of 
mouse T helper cell. IV. Th2 clones secrete a factor that inhibits cyto-
kine production by Th1 clones. J. Exp. Med. 170:2081–2095. http://
dx.doi.org/10.1084/jem.170.6.2081

Fiorentino, D.F., A. Zlotnik, T.R. Mosmann, M. Howard, and A. O’Garra. 
1991. IL-10 inhibits cytokine production by activated macrophages.  
J. Immunol. 147:3815–3822.

Gordon, C.J. 1993. Temperature Regulation in Laboratory Rodents. 
Cambridge University Press, New York. 276 pp.

Howard, M., J. Farrar, M. Hilfiker, B. Johnson, K. Takatsu, T. Hamaoka, 
and W.E. Paul. 1982. Identification of a T cell–derived b cell growth 
factor distinct from interleukin 2. J. Exp. Med. 155:914–923. http://
dx.doi.org/10.1084/jem.155.3.914

Jenkins, S.J., D. Ruckerl, P.C. Cook, L.H. Jones, F.D. Finkelman, N. 
van Rooijen, A.S. MacDonald, and J.E. Allen. 2011. Local macro-
phage proliferation, rather than recruitment from the blood, is a sig-
nature of TH2 inflammation. Science. 332:1284–1288. http://dx.doi 
.org/10.1126/science.1204351

Kipnis, J., H. Cohen, M. Cardon, Y. Ziv, and M. Schwartz. 2004.  
T cell deficiency leads to cognitive dysfunction: implications for 
therapeutic vaccination for schizophrenia and other psychiatric con-
ditions. Proc. Natl. Acad. Sci. USA. 101:8180–8185. http://dx.doi 
.org/10.1073/pnas.0402268101

Krawczyk, C.M., T. Holowka, J. Sun, J. Blagih, E. Amiel, R.J. DeBerardinis, 
J.R. Cross, E. Jung, C.B. Thompson, R.G. Jones, and E.J. Pearce. 
2010. Toll-like receptor-induced changes in glycolytic metabolism 
regulate dendritic cell activation. Blood. 115:4742–4749. http://dx.doi 
.org/10.1182/blood-2009-10-249540

Lumeng, C.N., J.L. Bodzin, and A.R. Saltiel. 2007. Obesity induces a phe-
notypic switch in adipose tissue macrophage polarization. J. Clin. Invest. 
117:175–184. http://dx.doi.org/10.1172/JCI29881

Martinez, F.O., L. Helming, and S. Gordon. 2009. Alternative activation 
of macrophages: an immunologic functional perspective. Annu. Rev. 
Immunol. 27:451–483. http://dx.doi.org/10.1146/annurev.immunol 
.021908.132532

Murray, P.J., and T.A. Wynn. 2011a. Obstacles and opportunities for un-
derstanding macrophage polarization. J. Leukoc. Biol. 89:557–563. 
http://dx.doi.org/10.1189/jlb.0710409

Murray, P.J., and T.A. Wynn. 2011b. Protective and pathogenic functions 
of macrophage subsets. Nat. Rev. Immunol. 11:723–737. http://dx.doi 
.org/10.1038/nri3073

Nguyen, K.D., Y. Qiu, X. Cui, Y.P. Goh, J. Mwangi, T. David, L. 
Mukundan, F. Brombacher, R.M. Locksley, and A. Chawla. 2011. 
Alternatively activated macrophages produce catecholamines to sus-
tain adaptive thermogenesis. Nature. 480:104–108. http://dx.doi.org/ 
10.1038/nature10653

Odegaard, J.I., R.R. Ricardo-Gonzalez, M.H. Goforth, C.R. Morel, V. 
Subramanian, L. Mukundan, A. Red Eagle, D. Vats, F. Brombacher, 
A.W. Ferrante, and A. Chawla. 2007. Macrophage-specific PPARgamma 
controls alternative activation and improves insulin resistance. Nature. 
447:1116–1120. http://dx.doi.org/10.1038/nature05894

Oliphant, C.J., J.L. Barlow, and A.N. McKenzie. 2011. Insights into the ini-
tiation of type 2 immune responses. Immunology. 134:378–385. http://
dx.doi.org/10.1111/j.1365-2567.2011.03499.x

Powrie, F., S. Menon, and R.L. Coffman. 1993. Interleukin-4 and inter-
leukin-10 synergize to inhibit cell-mediated immunity in vivo. Eur. J. 
Immunol. 23:2223–2229. http://dx.doi.org/10.1002/eji.1830230926

Schenk, S., M. Saberi, and J.M. Olefsky. 2008. Insulin sensitivity: modu-
lation by nutrients and inflammation. J. Clin. Invest. 118:2992–3002. 
http://dx.doi.org/10.1172/JCI34260

Shoelson, S.E., J. Lee, and A.B. Goldfine. 2006. Inflammation and insulin 
resistance. J. Clin. Invest. 116:1793–1801. http://dx.doi.org/10.1172/ 
JCI29069

Stefater, J.A. III, S. Ren, R.A. Lang, and J.S. Duffield. 2011. Metchnikoff’s 
policemen: macrophages in development, homeostasis and regen-
eration. Trends Mol. Med. 17:743–752. http://dx.doi.org/10.1016/ 
j.molmed.2011.07.009

Stein, M., S. Keshav, N. Harris, and S. Gordon. 1992. Interleukin 4 potently 
enhances murine macrophage mannose receptor activity: a marker of 
alternative immunologic macrophage activation. J. Exp. Med. 176:287–
292. http://dx.doi.org/10.1084/jem.176.1.287

Urban, J.F. Jr., I.M. Katona, W.E. Paul, and F.D. Finkelman. 1991. 
Interleukin 4 is important in protective immunity to a gastrointestinal 
nematode infection in mice. Proc. Natl. Acad. Sci. USA. 88:5513–5517. 
http://dx.doi.org/10.1073/pnas.88.13.5513

Urban, J.F. Jr., N. Noben-Trauth, D.D. Donaldson, K.B. Madden, S.C. 
Morris, M. Collins, and F.D. Finkelman. 1998. IL-13, IL-4Ralpha, and 
Stat6 are required for the expulsion of the gastrointestinal nematode par-
asite Nippostrongylus brasiliensis. Immunity. 8:255–264. http://dx.doi 
.org/10.1016/S1074-7613(00)80477-X

Vandanmagsar, B., Y.H. Youm, A. Ravussin, J.E. Galgani, K. Stadler, R.L. 
Mynatt, E. Ravussin, J.M. Stephens, and V.D. Dixit. 2011. The NLRP3 
inflammasome instigates obesity-induced inflammation and insulin re-
sistance. Nat. Med. 17:179–188. http://dx.doi.org/10.1038/nm.2279

Weisberg, S.P., D. McCann, M. Desai, M. Rosenbaum, R.L. Leibel, and 
A.W. Ferrante Jr. 2003. Obesity is associated with macrophage accumu-
lation in adipose tissue. J. Clin. Invest. 112:1796–1808.

Wills-Karp, M., and F.D. Finkelman. 2008. Untangling the complex web 
of IL-4- and IL-13-mediated signaling pathways. Sci. Signal. 1:pe55. 
http://dx.doi.org/10.1126/scisignal.1.51.pe55

Wills-Karp, M., and F.D. Finkelman. 2011. Innate lymphoid cells wield 
a double-edged sword. Nat. Immunol. 12:1025–1027. http://dx.doi 
.org/10.1038/ni.2142

Wills-Karp, M., J. Luyimbazi, X. Xu, B. Schofield, T.Y. Neben, C.L. 
Karp, and D.D. Donaldson. 1998. Interleukin-13: central mediator of 
allergic asthma. Science. 282:2258–2261. http://dx.doi.org/10.1126/ 
science.282.5397.2258

Wu, D., A.B. Molofsky, H.E. Liang, R.R. Ricardo-Gonzalez, H.A. Jouihan, J.K. 
Bando, A. Chawla, and R.M. Locksley. 2011. Eosinophils sustain adipose  
alternatively activated macrophages associated with glucose homeostasis. 
Science. 332:243–247. http://dx.doi.org/10.1126/science.1201475

Xu, H., G.T. Barnes, Q. Yang, G. Tan, D. Yang, C.J. Chou, J. Sole, A. 
Nichols, J.S. Ross, L.A. Tartaglia, and H. Chen. 2003. Chronic inflam-
mation in fat plays a crucial role in the development of obesity-related 
insulin resistance. J. Clin. Invest. 112:1821–1830.

Zhao, T., Z.N. Zhang, Z. Rong, and Y. Xu. 2011. Immunogenicity of 
induced pluripotent stem cells. Nature. 474:212–215. http://dx.doi 
.org/10.1038/nature09971

http://dx.doi.org/10.1016/S0140-6736(10)62037-5
http://dx.doi.org/10.1016/S0140-6736(10)62037-5
http://dx.doi.org/10.1084/jem.170.6.2081
http://dx.doi.org/10.1084/jem.170.6.2081
http://dx.doi.org/10.1084/jem.155.3.914
http://dx.doi.org/10.1084/jem.155.3.914
http://dx.doi.org/10.1126/science.1204351
http://dx.doi.org/10.1126/science.1204351
http://dx.doi.org/10.1073/pnas.0402268101
http://dx.doi.org/10.1073/pnas.0402268101
http://dx.doi.org/10.1182/blood-2009-10-249540
http://dx.doi.org/10.1182/blood-2009-10-249540
http://dx.doi.org/10.1172/JCI29881
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://dx.doi.org/10.1189/jlb.0710409
http://dx.doi.org/10.1038/nri3073
http://dx.doi.org/10.1038/nri3073
http://dx.doi.org/10.1038/nature10653
http://dx.doi.org/10.1038/nature10653
http://dx.doi.org/10.1038/nature05894
http://dx.doi.org/10.1111/j.1365-2567.2011.03499.x
http://dx.doi.org/10.1111/j.1365-2567.2011.03499.x
http://dx.doi.org/10.1002/eji.1830230926
http://dx.doi.org/10.1172/JCI34260
http://dx.doi.org/10.1172/JCI29069
http://dx.doi.org/10.1172/JCI29069
http://dx.doi.org/10.1016/j.molmed.2011.07.009
http://dx.doi.org/10.1016/j.molmed.2011.07.009
http://dx.doi.org/10.1084/jem.176.1.287
http://dx.doi.org/10.1073/pnas.88.13.5513
http://dx.doi.org/10.1016/S1074-7613(00)80477-X
http://dx.doi.org/10.1016/S1074-7613(00)80477-X
http://dx.doi.org/10.1038/nm.2279
http://dx.doi.org/10.1126/scisignal.1.51.pe55
http://dx.doi.org/10.1038/ni.2142
http://dx.doi.org/10.1038/ni.2142
http://dx.doi.org/10.1126/science.282.5397.2258
http://dx.doi.org/10.1126/science.282.5397.2258
http://dx.doi.org/10.1126/science.1201475
http://dx.doi.org/10.1038/nature09971
http://dx.doi.org/10.1038/nature09971



