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Introduction
The prevalence of obesity has increased dramatically over the past 
three decades and has contributed to the increasing prevalence of 
insulin resistance (IR) and type 2 diabetes (T2D) as well as cardio-
vascular disease, fatty liver/cirrhosis, hypertension, and cancer (1, 
2). Almost 400 million people worldwide have T2D. In the United 
States, one of every nine dollars spent on healthcare is put toward 
T2D management and care (3). Adverse health consequenc-
es related to obesity are largely mediated by IR, which affects 
approximately 40% of the US adult population (4) and greatly 
increases the risk of T2D. The biological basis linking obesity to 
metabolic dysfunction has not been fully elucidated. Accumulat-
ing evidence points to localized inflammation in adipose tissue 
(AT), which in turn promotes systemic inflammation and impaired 
insulin action. Ultimately, targeting inflammatory pathways or the 
stimuli responsible for inflammation may successfully prevent 
and/or treat T2D (5). This Review describes what is known about 
the roles of innate and adaptive immunity in the development of 
obesity-related metabolic disease.

Obesity and inflammation
The finding, over 20 years ago, that TNF-α is overexpressed in the 
AT of obese mice provided the first clear link between obesity, dia-
betes, and chronic inflammation (6). TNF-α impairs insulin action 
by promoting serine over tyrosine phosphorylation of insulin recep-
tor substrate 1 (IRS1), thereby blocking insulin signaling through 
its receptor (6). Mice lacking functional TNF-α or its receptors are 
more insulin sensitive and glucose tolerant than WT controls (7), 
and administration of TNF-α to animals impairs insulin action 
(6). In humans, high levels of circulating inflammatory mediators 
such as IL-6 and markers of inflammation such as high-sensitivity  

C-reactive protein (hsCRP) correlate with obesity (8) and predict 
development of T2D (9). The levels of TNF-α gene and protein 
expression in human AT also correlate with BMI and decrease fol-
lowing dietary weight loss (10). IL-6, which like TNF-α is secreted 
by both adipocytes and macrophages, impairs lipoprotein lipase, 
thus contributing to disordered function of fat storage in AT (11).

Subsequent to the observations described above, macrophages 
were shown to populate subcutaneous AT (SAT) and visceral AT 
(VAT) in mice, correlating with total adiposity as well as with adi-
pose cell size (12). In humans, expression of the macrophage marker 
CD68 in SAT also correlated with BMI and adipocyte size (12). Eval-
uation of the geographic relationships between AT macrophages 
(ATMs) and adipose cells in murine and human AT revealed that 
90% of ATMs cluster around single enlarged and necrotic adipose 
cells in crown-like structures (CLSs), with evidence for scavenging 
of residual lipid in the interstitial space (13). A multitude of other 
studies in mice support these early findings. High-fat diet–induced 
(HFD-induced) expression of monocyte chemoattractant protein-1 
(MCP-1) in AT (14) and adipose-specific overexpression of MCP-1 
increased ATM frequency and systemic IR (15), whereas targeted 
deletion of MCP-1 or its receptor, CCR2, prevented inflammation 
and macrophage infiltration in AT and protected against diet-in-
duced IR (16). Inflammation and macrophage-specific genes are 
progressively upregulated in white AT (WAT) in models of genet-
ic- and HFD-induced obesity, and precede development of IR, 
implying causality (17). Finally, inflammatory cytokines and cel-
lular stress induce kinases such as the NF-κB activator IKKB and 
JNK1, which are increased in obesity and directly impair insulin 
action (18, 19). Targeted disruption of both IKKB (20) and JNK (21) 
in mice prevents HFD-induced IR, highlighting a mechanistic link 
between inflammatory pathways and impaired insulin action.

Potential role of gut inflammation  
in disease development
In addition to AT, recent evidence suggests that the intestine is 
also a key site that becomes altered in obesity-related IR. These 
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terized by varied surface markers and cytokine secretory patterns. 
Based partly on their surface phenotype, they are often classified as 
M1 or M2 cells, although many macrophages do not fall unequivo-
cally into either classification. M1, or “classically activated,” mac-
rophages are induced by proinflammatory mediators such as LPS 
and IFN-γ and secrete proinflammatory cytokines including IL-6, 
IL-1β, inducible NOS (iNOS), and TNF-α. M2, or “alternatively 
activated,” macrophages play a role in tissue repair, angiogenesis, 
and resolution of inflammation. These macrophages are induced 
by the antiinflammatory cytokines IL-4 and IL-13 and secrete high 
levels of antiinflammatory IL-10, IL-1 decoy receptor, and argin-
ase, thereby blocking IL-1β and iNOS activity. Surface markers of 
M2 differ from those of M1; the classical differentiating marker is 
CD11c (negative in M2 and positive in M1), but other markers of 
inflammation also segregate with M1 (CD163, CD172, CD44) and 
M2 (arginase 1, CD206, CD301) phenotypes. Lean mice demon-
strate a dominant M2 phenotype, whereas obese mice demon-
strate a dominant M1 phenotype (40). In human obesity, classical 
M1 markers may not typify proinflammatory ATMs even in the face 
of functional and cytokine phenotypes typical of classical inflam-
mation. Several studies have described mixed M1/M2 phenotypes 
in ATMs from obese mice and humans, suggesting that the ATMs 
adopt more complex states in vivo (41, 42). Indeed, one compar-
ison of surface markers expressed in obese human ATMs versus 
bronchial macrophages from cystic fibrosis patients with chronic 
bacterial infection demonstrated absence of CD11c positivity and 
other classic M1 surface markers. A plasma membrane proteomics 
analysis in the latter study suggested that a unique metabolically 
activated macrophage phenotype was present, characterized by 
surface markers distinct from classic M1 markers (43). Macrophage 
phenotype also exhibits plasticity, changing rapidly in response to 
external stimuli. For example, while M2 macrophages dominate in 
AT of lean mice, a “phenotypic switch” occurs in DIO mice, charac-
terized by a shift in polarization toward M1 over days to weeks (40, 
44). An M2 phenotypic shift can also be induced by PPARγ activa-
tion, which protects against M1 activation and IR (45), possibly by 
promoting lipid storage in adipocytes and preventing lipotoxicity 
and adipocyte death (46).

The signals that regulate recruitment of macrophages to AT 
are not fully elucidated, but are almost certainly the product of 
cross-talk with adipocytes or with other immune cells. In gen-
eral, these signals attract bone marrow–-derived monocytes to 
AT, where they become activated macrophages of varying phe-
notypes. The two leading mechanisms of macrophage recruit-
ment to AT include secretion of chemokines and activation of 
pattern-recognition receptors (PRRs) on macrophages, including 
the NLR and TLR families, which recognize danger signals from 
dying and stressed cells, LPS from gut pathogens that reach the 
circulation, and lipid signals. MCP-1, a well-characterized macro-
phage chemoattractant, secreted by adipocytes as well as macro-
phages, is more abundant in obese versus lean mice and humans, 
and is elevated in VAT versus SAT (47). It is induced by IL-1β, 
TNF-α, IL-8, IL-4, and IL-6 and, when under- or overexpressed, 
alters monocyte recruitment to AT. Another chemokine that may 
contribute to macrophage recruitment is leukotriene B4 (LTB4), 
which is secreted by adipocytes and also stimulates chemotaxis of 
neutrophils; blockade of LTB4 prevents induction of diet-induced 

alterations include changes in the gastrointestinal flora, known as 
dysbiosis, which can impact body fat, systemic inflammation, and 
IR (22–24). Dysbiosis is believed to cause low-grade inflammation 
both systemically, through enhanced leakage of bacterial products 
such as LPS, and locally in the small bowel and colon (25, 26). Sys-
temically, some of these bacterial products, including gut-derived 
antigens, are thought to accumulate and potentiate inflamma-
tion in AT, especially VAT (27, 28). Recent studies of diet-induced 
obese (DIO) mice have shown that obesity induces a chronic phe-
notypic proinflammatory shift in bowel lamina propria immune 
cell populations (29). Mice deficient in specific immune cell types 
such as B cells exhibit profound changes in their intestinal micro-
biomes, reflecting cross-talk between immune cells and gut (30). 
Suppression of the gut immune system, as in β7 integrin–defi-
cient (β7-null) mice, has been shown to decrease IR, while treat-
ment with the local gut antiinflammatory compound 5-aminosa-
licylic acid reverses bowel inflammation and improves metabolic 
parameters. These beneficial effects were dependent on adaptive 
and gut immunity, associated with reduced gut permeability and 
endotoxemia, and decreased VAT inflammation (29). Studies in 
humans have not yet addressed these relationships.

Innate immunity
Much of the research linking inflammation and metabolic disease 
has focused on the role of the innate immune response. Macro-
phages, as well as other innate cells such as mast cells, neutro-
phils, and DCs, have been shown to contribute to IR pathogenesis  
(31–33). Mast cells are present to a greater degree in obese mice 
compared with non-obese animals, and mast cell deficiency is 
associated with enhanced insulin sensitivity (31). Neutrophils have 
been shown to promote IR, mainly through elastase production 
(32). DCs are specialized antigen-presenting cells (APCs) that link 
the innate and adaptive immune responses. In particular, they play 
a role in inducing differentiation of naive CD4+ T cells into Th1, 
Th2, or Th17 cells or Tregs. Activated DCs were shown to be pres-
ent in higher numbers in AT of obese non-diabetic humans and 
individuals with T2D as compared with lean control subjects (34). 
Eosinophils in murine VAT were shown to produce the antiinflam-
matory cytokines IL-4 and IL-13, which promote differentiation of 
macrophages into alternatively activated M2-polarized cells (35). 
Lastly, innate lymphoid type 2 cells (ILC2s) play a key role in main-
tenance of eosinophils and metabolic homeostasis in VAT through 
their production of IL-5 and IL-13. Recent studies in DIO mice 
showed that IL-5 deficiency led to worsened IR and adiposity and 
that depletion of ILC2s yielded diminished accumulation of eosin-
ophils and alternatively activated macrophages in VAT (36).

Macrophages
Macrophages are key mediators of inflammation in AT and are the 
most abundant immune cells that infiltrate obese AT (37, 38). They 
comprise 40% to 60% of AT immune cells in obese mice compared 
to 10% to 15% of AT immune cells in lean mice, and secrete the 
majority of inflammatory cytokines in response to obesity (12, 17). 
Furthermore, macrophages are mainly found in interstitial spaces 
between adipocytes in the AT of lean individuals, but are primar-
ily found in CLSs around large dying adipocytes during a state of 
obesity (39). Macrophages are a heterogeneous population charac-
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ATMs were localized to CLS surrounding adipocytes, expressed 
higher levels of proinflammatory genes including IL1B, IL6, IL8, 
TNFA, and CCL3, and were enriched for transcripts encoding 
mitochondrial, proteasomal, and lysosomal proteins, as well as 
fatty acid metabolism enzymes and T cell chemoattractants (66). 
These findings not only suggest that M1 macrophages in humans 
are proinflammatory and cluster around single adipocytes, as 
demonstrated in mice (13), but also indicate that they may play 
a role in lipid scavenging, as in mice (46), and antigen presenta-
tion to T cells, thus promoting an adaptive immune response. This 
study also demonstrated a direct association between the M1/M2 
ratio and IR. Another study in non-obese humans with and with-
out T2D found no association between M1/M2 ratio and T2D or 
insulin sensitivity, but did find a significant direct association with 
adipose cell size (67). A third study in non-obese humans showed 
that CD14+ macrophages in SAT, quantified by flow cytometry, 
correlated with central obesity, liver fat, and IR. Additionally, the 
expression of the macrophage activation marker CD11b correlated 
with expression of MCP-1 in SAT (68). Interestingly, weight gain 
of 2.7 kg over 28 days did not induce inflammation in AT despite 
an 11% worsening of IR. On the other hand, weight loss following 
bariatric surgery in morbidly obese subjects was associated with 
decreases in markers of activated macrophages and proinflamma-
tory T cells in SAT (69) and peripheral blood (70–72). Independent 
of body weight, limited studies have shown a relationship between 
inflammation in human AT and IR, with greater frequency of 
mononuclear cells and expression of genes related to macrophage 
recruitment and activation including CD68, MCP1, IL6, and IL8 
(73). Of note, the frequency of CLSs in human obesity is lower 
than in obese mice, which may reflect the fact that most human 
studies are cross-sectional (73), whereas obese mice are typically 
studied after weight perturbation.

Adaptive immunity
While most investigations of inflammation, obesity, and IR have 
focused on the role of macrophages, recent studies point to an 
important role for the adaptive immune system. T and B lympho-
cytes rely on antigen recognition and account for diverse popula-
tions of immune cells with either primarily proinflammatory or 
regulatory functions. Several studies have demonstrated that dis-
ease progression and severity are highly correlated with proinflam-
matory T and B cell phenotypes (74–77). Lymphocytes account for 
up to 10% of non-adipocyte cells in human AT and include T cells, 
B cells, NK cells, NKT cells, and ILC2s (67). T and B lymphocytes, 
along with macrophages, are present in CLSs surrounding necrot-
ic adipocytes (78, 79). Rag-knockout mice, which are deficient in 
mature lymphocytes, exhibited greater weight gain associated 
with adipocyte hypertrophy and severely impaired glucose toler-
ance compared with WT mice fed a HFD (75). DIO mice lacking 
αβ T and B cells had substantially worsened inflammation in VAT 
and skeletal muscle as well as severe glucose intolerance compared 
with WT DIO mice (80). In accord with this observation, the pre-
dominant impact of T cells on glucose homeostasis, revealed by 
CD4+ T cell reconstitution studies in lymphocyte-free DIO mice, 
was improvement of glucose tolerance, enhanced insulin-sensi-
tivity, and reduced weight gain (80). Nonetheless, treatment with 
either an anti-CD3 T cell–depleting or –non-depleting antibody or 

IR in mice (48). Fractaline (CX3CL1) and its receptor CX3CR1 par-
ticipate in recruitment and adhesion of monocytes and T cells in 
atherosclerosis and have been implicated in macrophage recruit-
ment to AT. CX3CL1 is expressed in adipocytes and upregulated in 
obese human AT, and contributes to adhesion of monocytes to adi-
pocytes and glucose intolerance (49). In addition to the classical 
chemokines MCP-1 and LTB4, an axon-guiding molecule, sema-
phorin 3E (SEMA3E), also exhibits chemoattractant properties for 
macrophages. Expression of SEMA3E and its receptor, plexinD1, 
is increased in the AT of DIO mice. Blockade of the interaction 
between the SEMA3E and plexinD1 results in a decreased number 
of infiltrated macrophages in AT and improved IR (50). Finally, 
studies in mice implicate macrophage migration inhibitory factor, 
a proinflammatory chemokine secreted by numerous cell types, 
including adipocytes, in ATM accumulation, proinflammatory 
cytokine secretion, activation of JNK and IKKB pathways, and 
impaired insulin signaling in AT and liver (51).

Obesity not only induces the production of chemoattrac-
tants that direct the recruitment of macrophages into AT, but also 
results in the release of signals that promote macrophage reten-
tion. A recent study suggested that a neuronal guidance mole-
cule, netrin-1, promotes macrophage retention in AT. Netrin-1 is 
increased in obese mice and humans and was reported to block 
macrophage emigration from AT via binding to its receptor, 
UNC5B, on macrophages (52). The overall importance of this 
process to macrophage accumulation and inflammation in AT 
remains to be determined.

PRRs, including TLRs, are present on macrophages and other 
innate immune cells, and recognize a variety of danger signals as 
well as metabolic alterations. PRRs play a critical role in the innate 
immune system by activating proinflammatory signaling path-
ways in response to microbial pathogens (53). For example, TLR4 
binds to LPS on gram-negative bacterial cell walls and activates 
both IKKB and JNK, thereby triggering transcription of proinflam-
matory genes that encode cytokines, chemokines, and other effec-
tors of the innate immune response (54). TLR4 responds not only 
to LPS, but also to free fatty acids (FFAs), which trigger inflam-
mation and IR via TLR4 activation; this has been demonstrated 
in TLR4-knockout models, which exhibited decreases in NF-κB 
activation, proinflammatory gene expression, and IR in response 
to lipid infusion (55, 56). The NLR family is another group of PRRs 
that may participate in macrophage recruitment and activation. 
In macrophages these receptors recognize non-microbe signals, 
activating the NLRP3 inflammasome, which stimulates IL-1β and 
IL-18 production via caspase-1 activation. NLRP3-knockout ani-
mals are protected from IR and have more metabolically active 
adipose cells compared with WT animals (57). NLRP3 activation, 
with associated IL-1β and IL-18 secretion, has been observed in 
response to stimulation by lipotoxicity-related increases in intra-
cellular ceramide (58), palmitate (59), islet amyloid polypeptide 
(60), serum amyloid A (61), cholesterol crystals (62), and oxidized 
LDL cholesterol (63). Other purported but not yet proven stimuli 
include AT hypoxia (64) and adipocyte death (65), both of which 
occur during obesity and have been shown to trigger inflammation 
through as yet unclear molecular pathways.

To date, few studies have evaluated macrophage activation 
and/or phenotype in obese humans. In one human study, M1 
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autoimmune diseases such as psoriasis via activation of NF-κB 
(86). In vitro, IL-17 inhibits insulin-stimulated glucose uptake by 
skeletal muscle and hepatocytes and impairs adipocyte differen-
tiation (87, 88). Surprisingly, studies in mice do not show a caus-
al role for IL-17 in IR (89). In humans, however, several studies 
show that IL-17 is correlated with the severity of diabetes (90), is 
increased in association with IR, and inhibits glucose uptake in 
cultured human hepatocytes (91). Further, multiple Th17-related 
cytokines, including those not specific to Th17 cells (e.g., IL-21, 
IL-9), are more highly secreted by peripheral blood mononuclear 
cell (PBMC) in response to T cell–targeted stimuli αCD3/αCD28 in 
individuals with T2D than in controls (92).

Tregs
Tregs play a role in self-tolerance and decrease inflammation 
by suppressing autoreactive T cells and inflammatory macro-
phages. Upon induction of obesity in HFD-fed mice, Tregs in VAT 
decrease dramatically and are visible within CLSs in close contact 
with macrophages and other lymphoid cells (75, 93). In one study, 
induction of Tregs with IL-2 in DIO mice improved insulin sen-
sitivity, reduced macrophage number, and lowered expression of 
TNF-α (75). However, another study in DIO mice failed to confirm 
a role for Tregs in promoting insulin sensitivity and suggested that 
Tregs may actually promote IR (94). Moreover, two cross-section-
al studies in humans showed that expression of the Treg marker 
FoxP3 was increased in obese versus lean humans (85, 95). Two 
other studies have evaluated Tregs via flow cytometry in subcu-
taneous versus omental depots with differing results. One found 
significantly lower Tregs in omental fat, which correlated inverse-
ly with fasting glucose and MCP-1 but correlated positively with 
IR (96), whereas the other showed no difference in Treg numbers 
between depots and no association with IR as quantified by the 
modified insulin suppression test (84). Thus, the role of Tregs in 
obesity-associated inflammation and IR is unresolved.

CD8+ T cells
The primary function of CD8+ T cells is to kill infected or foreign 
cells by releasing perforin and granzyme B and secreting inflam-
matory cytokines. Obesity increases the frequency of CD8+ T cells 
in VAT and induces IFN-γ and granzyme B expression. CD8+ T cell 
increases in AT are seen within two weeks of HFD initiation in mice 
and continue until week 15, preceding both reductions in CD4+ T 
cells and Tregs and an increase in macrophages. Genetic and 
immunologic depletion of CD8+ T cells effectively lower proinflam-
matory M1 (but not M2) macrophage infiltration, AT inflammation, 
and systemic IR in mice. Furthermore, adoptive transfer of CD8+ 
T cells to CD8-deficient mice increased AT inflammation and IR 
(76). Conversely, another study demonstrated that blocking activa-
tion of T cells using anti-CD40L or CTLA-4–Ig reduced activated 
CD8+ T cells and inflammatory macrophages in AT, but no change 
was seen in whole body insulin sensitivity (97). These data indicate 
that CD8+ T cells may play a role in initiating inflammation in AT 
in obesity, and possibly also in modulating IR. Similar to mice, in 
obese humans, CD8+ T cells were noted to be more frequent in VAT 
as compared with SAT, but their frequency in these depots did not 
correlate with systemic IR (84). Furthermore, in a cross-sectional 
study in lean to moderately obese men, CD8+ T cells in SAT did not 

anti-CD20 B cell–depleting antibody led to reversal of IR in DIO 
mice (75, 81). Together, these data implicate both arms of the adap-
tive immune system in AT inflammation, systemic IR, and glucose 
dysregulation in the setting of caloric excess and obesity.

CD4+ T cells
CD4+ Th cells recognize antigen presented by MHC class II mol-
ecules on APCs such as macrophages, DCs, and B cells. Once 
activated, Th cells direct other immune cells to sites of infection 
or insult. CD4+ T cells are classified according to their signature 
cytokines as follows: Th1 cells by IFN-γ; Th17 cells by IL-17; Th2 
cells by IL-4 and IL-13; and Tregs, which are identified on the basis 
of their expression of the Foxp3 transcription factor, secrete IL-10. 
Th1 and Th17 cells are considered to be proinflammatory, where-
as Tregs and Th2 cells are generally antiinflammatory. In addition 
to their signature cytokines, Th cells secrete a myriad of other 
cytokines. Th1 cells are induced by IL-12 and IFN-γ and secrete 
the proinflammatory cytokines IFN-γ and TNF-α, which promote 
macrophage migration and differentiation into the proinflam-
matory M1 phenotype. Th2 cells are induced by IL-4 and secrete 
antiinflammatory cytokines IL-1, IL-4, IL-5, IL-10, and IL-13. 
Th17 cells secrete, in addition to IL-17, IL-21 and IL-22, and Tregs 
secrete IL-10 and TGF-β.

Recent studies in mice provide compelling support for a causal 
role of CD4+ Th1 cells in the development of obesity-associated IR. 
IFN-γ–expressing CD3+ and CD4+ cells increase in obesity (75, 82), 
and whole-body IFN-γ deletion improves obesity-induced IR and 
lowers macrophage infiltration in AT (82). Placing mice on a HFD 
produces a dramatic increase in VAT Th1 cells over static numbers 
of Th2 and Treg cells, in association with the development of glu-
cose intolerance and localized inflammation in AT. Furthermore, T 
cell transfer into lymphocyte-free Rag1-null DIO mice reverses IR 
predominantly through the actions of Th2 cells. In addition, treat-
ment of obese WT mice with CD3-specific antibody or its F(ab’)2 
fragment reduces the predominance of Th1 cells over Tregs, revers-
ing IR for months despite continuation of a HFD (81). Interestingly, 
lymphocyte transfer of CD4+ T cells from Stat6–/– mice, which have 
normal Th1 but impaired Th2 development, did not reverse IR in 
Rag1-null DIO mice, suggesting that Th2 cells protect against IR 
(75, 82). Finally, several studies have shown antigenic bias in the 
T cell receptor (TCR) of AT-associated but not lymphoid-associ-
ated CD4+ T cells, suggesting that AT T cells may undergo clonal 
expansion in response to specific, as yet unknown antigens (75, 
83). Restriction of the TCR repertoire was shown to be more pro-
nounced in CD4+ and CD8+ T cells in VAT as compared with SAT 
of DIO mice, and in obese versus lean mice, supporting the hypoth-
esis that obesity leads to antigenic stimulation of T cells and may 
differ by fat depot (81). Human studies support the mouse data, 
with the frequency of Th2 cells in SAT, VAT, and blood correlating 
inversely with IR, and Th2 cells in VAT correlating inversely with 
plasma hsCRP. Conversely, the frequency of Th1 cells in SAT and 
VAT correlate directly with plasma hsCRP (84). Another human 
study documented an association between increasing obesity and 
CD4+ T cells in AT but not blood (85), although no correlation with 
markers of systemic inflammation was seen in this study.

CD4+ Th17 cells secrete IL-17, among other proinflamma-
tory cytokines, which plays a role in mediating inflammation in 



The Journal of Clinical Investigation   R E V I E W  S E R I E S :  M E T A B O L I S M  A N D  I N F L A M M A T I O N

9jci.org   Volume 127   Number 1   January 2017

the blood of diabetic patients exhibit a proinflammatory pheno-
type, with enhanced IL-8, IL-6, and TNF-α production and damp-
ened IL-10 secretion (90, 100). A similar trend has been found in 
splenic B cells in DIO mice (90, 100).

In the context of IR, B cell–knockout mice have improved 
insulin sensitivity and glucose tolerance compared with WT DIO 
mice. In one study DIO B cell–deficient (μMT) mice had a lower 
proinflammatory cytokine profile in the serum as well as an influx 
of Tregs in the VAT and spleen (100). Another study showed that  
B cell deficiency directly correlated with a reduction of TNF-α–
producing M1 macrophages in VAT (81). When DIO mice were 
treated with a CD20-depleting antibody, a similar trend was 
observed with decreased TNF-α–producing macrophages (81). To 
assess whether the phenotypic change in B cells was correlative 
with obesity and disease, B cells from DIO mice were adoptive-
ly transferred into μMT mice. Transfer of B cells from obese but 
not lean mice resulted in diminished glucose tolerance and insulin 
sensitivity (81). These findings suggest that obesity fosters aber-
rant activation of B cells that may promote IR.

Two groups recently discovered an important role for popu-
lations of IL-10-producing regulatory B cells (Bregs) in the regu-
lation of glucose metabolism (74, 101). Although these cell popu-
lations are not identical, both are more frequent in lean mice than 
obese mice, and their adoptive transfer into DIO mice amelio-
rated IR in an IL-10-dependent manner.  Conversely, transfer of 
B-2 cells, which generate the majority of high affinity antibodies 
during an antigen challenge, led to worsened glucose metabolism 
in B cell-knockout mice, while removal of these cells from DIO 
mice led to improved glucose metabolism (74).

correlate with adiposity, although markers of activation (CD25 and 
CD69) were correlated with waist circumference (85).

ILCs
ILCs are a family of innate immune cells that mirror T cells. 
Among them, ILC2s are resident in VAT and play critical roles in 
regulating metabolic homeostasis.ILC2s are a major source of the 
Th2-associated cytokines, IL-5 and IL-13, in response to stimu-
lation with IL-33 and IL-25. ILC2s promote the accumulation of 
eosinophils and alternatively activated macrophages to maintain 
glucose homeostasis through production of IL-5 and IL-13 (36). 
Additionally, ILC2s were recently found to contribute to AT beig-
ing (98, 99). One study demonstrated that active ILC2s increased 
numbers of beige adipocytes in WAT by producing methi-
onine-enkephalin peptides (98), while another study showed that 
activated ILC2s result in proliferation of adipocyte precursors and 
subsequent beige lineage commitment through ILC2- and eosino-
phil-derived IL-4 and IL-13 (99).

B cells
Like T cells, B cells have been shown to play an important role in 
the regulation of glucose metabolism, based mainly on studies 
in DIO mice. Thus, obesity leads to greater infiltration of B cells 
into VAT, particularly class-switched mature IgG+ B cells (81). 
Moreover, transfer of IgG from obese IR mice to young mice on 
a HFD/high-calorie diet resulted in accelerated development of 
AT inflammation and IR (68). In addition to their prominent role 
in antibody production, B cells can produce a wide range of cyto-
kines and they can present antigens to T cells. Peripheral B cells in 

Figure 1. Changes in immune cell content and function in AT in lean versus obese settings influence IR. In lean AT, immune cells play a predominant role 
in maintaining an antiinflammatory environment. For example, Th2 cells produce antiinflammatory cytokines including IL-4 and IL-10, which promote M2 
macrophage polarization, and B cells produce IgM, which produces antiinflammatory IgM. During the course of obesity, significant changes in immune cell 
content and function occur that promote inflammation. Accumulation of M1 macrophages and Th1 cells results in excess production of proinflammatory 
cytokines including IFN-γ and TNF-α, and B cells undergo a class-switch, producing IgG.



The Journal of Clinical Investigation   R E V I E W  S E R I E S :  M E T A B O L I S M  A N D  I N F L A M M A T I O N

1 0 jci.org   Volume 127   Number 1   January 2017

B cell antigen presentation can also promote IR. When B cells 
from obese mice that were wild type or deficient in MHC-1 or 
MHC-II were adoptively transferred to DIO mice, MHC-I or –II 
deficiency in B cells rescued disease, while transfer of WT B cells 
worsened IR (81). Overall, these studies support the notion that B 
cell subsets, like T cell subsets, can play both pathogenic and pro-
tective roles in IR and T2D via multiple mechanisms.

Molecular mechanisms of IR
Many mouse models have demonstrated that manipulating var-
ious components of the innate and/or adaptive immune system 
induces or ameliorates not only inflammation but also systemic 
IR and/or glucose intolerance. Several molecular pathways have 
been defined that explain this link. Multiple cytokines secret-
ed by activated immune cells have been shown to impair insulin 
signaling via stimulation of stress kinases including IKKB and 
JNK1. These cytokines can have local effects on adipocytes or 
resident immune cells in AT or can circulate to peripheral tissues 
such as liver and muscle, where they exert their effects on insulin 
target cells. IL-6, TNF-α, and IL-1β as well as LPS, FFAs, and ER 
stress have all been shown to activate IKKB and/or JNK1, which 
are expressed in both myeloid cells and insulin target cells such 
as adipocytes, hepatocytes, and myocytes. Activation of these 
stress kinases impairs insulin action via phosphorylation of IRS1 
on inhibitory serine instead of stimulatory tyrosine residues, thus 
blocking downstream insulin signaling (102). IKKB also promotes 
further inflammation by activating NF-κB, which is sequestered in 
the cytoplasm of myeloid and insulin-targeted cells by IκB. Upon 
activation, IκB is degraded, allowing NF-κB to translocate to the 
nucleus, where it promotes transcription of inflammatory genes 
such as pro–IL-1β, TNF-α, MCP-1, and IL-6. Support for a role of 

these kinases in obesity-induced IR resides in numerous reports 
of increased NF-κB (20) and JNK1 (19) activity in obese animals. 
Knockout studies of IKKB showed partial reversal of IR, including 
myeloid- (18) and liver-specific (103) strains. Mice in which JNK1 
is knocked out or is in peripheral (non-hematopoietic) cells or AT 
only are protected from IR, whereas myeloid-specific deletion of 
JNK1 yields mixed results (104–106). Overall, there is strong evi-
dence of a link between inflammatory cytokines and other obesity- 
related stimuli such as FFA/TLR4 signaling and activation of 
pathways that directly impair insulin action.

Clinical implications
A number of small clinical trials with antiinflammatory agents 
have yielded generally disappointing results, although in gen-
eral the size of these trials has been small and the treatment 
duration short. Although a 19th century report suggested that 
high doses of salicylates, which inhibit IKKB/NF-κB, can reduce 
hyperglycemia in patients with diabetes (107), recent clinical 
trials with salsalate demonstrated only modest reductions in 
glycated hemoglobin A1C (0.37%) and fasting glucose (6%) 
in patients with T2D (108, 109), which may have been due to 
decreased insulin clearance rather than improved insulin sensi-
tivity (110, 111). Similarly, small trials with TNF-α–neutralizing 
antibodies have demonstrated modest effects on glucose levels 
and mixed improvement in insulin sensitivity in obese patients 
with (112, 113) and without rheumatic disease (114, 115), and 
IL-1β blockade showed modest improvement in glycemic con-
trol that was attributed to enhanced β cell function rather than 
enhanced insulin sensitivity (116). Treatment with IL-6 antag-
onists has been associated with improvement in IR in patients 
with rheumatologic disease (117), but this effect is confounded 

Table 1. Cross-species comparison of immunologic changes in obesity-associated IR and T2D

Role of immune system in IR and T2D References
Mouse studies Human studies

Macrophages
 Adipocyte death influences macrophage localization and function in AT and polarization from M2 to M1 13, 40, 44 13
 Proinflammatory macrophages in AT are associated with IR 40, 44 66
 Cells cluster around necrotic adipose cells in CLSs 13, 39 13
T cells
 Inflammatory T cell profile in AT is associated with IR 84
 Th2 frequency in VAT inversely correlates with IR 75, 82 84
 Treg frequency in VAT decreases in obese compared to lean mice 75, 93
 Foxp3 expression increases in obese versus lean humans 85, 95
 CD8+ T cell frequency increases in VAT compared to SAT 76 84
B cells
 Obesity leads to enhanced infiltration of B cells in VAT 81
 B cells undergo class switching to IgG+ in the context of obesity and IR 81
 Peripheral B cells in T2D exhibit a proinflammatory phenotype 90, 100 90, 100
 B cell antigen presentation can promote IR 81
Effects of immune intervention
 Targeted disruption of IKKB and JNK prevents HFD-induced IR 20, 21
 Transfer of IgG from obese DIO mice to young mice newly on high fat/caloric diet accelerates onset of inflammation and IR 68
 B cell depletion via administration of anti-CD20 antibody results in reduced TNF-α–producing M1 cells in VAT and decreased IR 75
 Anti-CD3 antibody therapy results in reversal of IR 81
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by improvement in overall clinical state, and studies in sub-
jects without rheumatologic disease are lacking. Conceivably, 
there are fundamental differences between humans and mice 
with respect to the role of inflammation in IR and T2D, but it is 
more likely that the limited amount of clinical efficacy data is 
explained by the dearth of appropriate clinical trials. Therefore, 
additional clinical studies of larger size and longer duration, 
evaluating immunomodulatory therapies in patients without 
underlying chronic inflammatory conditions, will be needed in 
order to ascertain whether disruption of inflammatory pathways 
can reverse IR and/or treat T2D.

Summary and conclusions
Extensive experimentation in animal models demonstrates that 
both the innate and adaptive arms of the immune system play crit-
ical roles in the regulation of glucose metabolism, with participa-
tion from multiple cell types. In particular, inflammation involving 
AT and the intestine appears to be critical to the development of IR. 
A schematic overview of the cells involved and their putative roles 

in both insulin sensitivity and IR is shown in Figure 1. Although 
studies of the immune system in humans with obesity-associated 
IR are limited, these studies have generally, but not always, yield-
ed results consistent with those in experimental animals (Table 1). 
Despite the paucity of controlled clinical trials designed to evalu-
ate antiinflammatory agents or more targeted immune therapies 
in obesity-associated IR or T2D, animal data indicate that IR is a 
reversible condition susceptible to immune manipulation. There-
fore, evaluation of immunomodulatory approaches in humans to 
reverse IR and T2D is warranted.
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