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Abbreviations
T2D	� Type 2 diabetes
VAT	� Visceral adipose tissues
FALC	� Fat-associated lymphoid cluster
oxLDL	� Oxidized low-density lipoprotein
CSR	� Class switch recombination
SHM	� Somatic hypermutation
HFD	� High-fat diet
BCR	� B cell receptor
CLS	� Crown-like structure
DIO	� Diet-induced obese
GOSR1	� Golgi SNAP receptor complex member 1
GFAP	� Glial fibrillary acidic protein
BAFF	� B-cell activating factor

Introduction

Type 2 diabetes (T2D) is a chronic disease characterized 
by hyperglycemia, pancreatic beta cell insufficiency, and 
insulin resistance, a suboptimal tissue response to insu-
lin that is largely driven by obesity. By 2030, it is esti-
mated that close to 400 million people worldwide will be 
affected by diabetes, with 90 % of these being T2D [1]. 
Obesity-related insulin resistance is thought to be the 
major precursor driving the development of T2D, and it 
targets multiple tissues including the brain, liver, skel-
etal muscle, pancreas, and adipose tissue. There are many 
causative factors governing obesity-related insulin resist-
ance, but chronic low-grade inflammation is emerging 
as a dominant overarching theme [2]. Immune cells of 
the innate and adaptive immune system infiltrate insulin 
responsive tissues, such as visceral adipose tissue (VAT), 
during obesity and incite inflammatory responses [3–6]. 
This inflammation leads to local and systemic increases 
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in pro-inflammatory molecules, including tumor necrosis 
factor α (TNF-α), interleukin (IL)-1β, IL-6, interferon-γ 
(IFNγ), resistin, and free fatty acids. Several of these 
molecules can directly induce insulin resistance, often 
through c-Jun amino terminal kinase and inhibitor of 
nuclear factor kappa B kinase subunit β-mediated induc-
tion of serine phosphorylation of the insulin receptor and/
or its substrates, including insulin receptor substrate-1 
(IRS-1) [7, 8]. Accordingly, chronic inflammation of VAT 
associated with obesity is thought to be a major driver of 
insulin resistance.

Extensive work has been done on the biology of T cell 
and macrophage-mediated inflammation in insulin resist-
ance [9]. In obesity, IFNγ-producing CD8+ T cells and 
Th1 CD4+ T cells infiltrate inflamed VAT and promote 
pro-inflammatory “classically activated” M1 macrophage 
formation and function [10–12]. These M1 macrophages 
produce large amounts of TNF-α, IL-1β, and IL-6, which 
contribute to local insulin resistance, but can also escape 
into the circulation and contribute to systemic insulin 
resistance, through reduction in insulin signaling (for 
example, via increased serine phosphorylation of IRS-
1) in distant organs such as muscle and liver [8]. In lean 
individuals, it is thought that IL-4-producing eosinophils, 
IL-4, IL-5, and IL-13-producing Th2 CD4+ T cells, IL-5, 
and IL-13-producing innate lymphoid cells, as well as 
IL-10-producing CD4+ Foxp3+ regulatory T cells and 
iNKT cells dominate in VAT [11, 13–16]. The cytokines 
secreted by these cells favor the maintenance of “alterna-
tively activated” M2 macrophages, which produce mainly 
anti-inflammatory cytokines such as IL-10 that maintain 
insulin sensitivity. Thus, insulin sensitivity in adipose tis-
sue inflammation is profoundly affected by the complex 
crosstalk between adaptive and innate immune cells and 
adipocytes.

Like T cells and macrophages, B cells also have been 
shown to play important roles in many chronic inflamma-
tory and autoimmune diseases, including systemic lupus 
erythematosus, rheumatoid arthritis, scleroderma, type 1 
diabetes and multiple sclerosis [17, 18], but only recently 
has their role in obesity-related insulin resistance been 
revealed. B cells infiltrate VAT during diet-induced obe-
sity, and exhibit a variety of functional changes during 
insulin resistance [19, 20]. B cells regulate systemic and 
local adipose tissue inflammation during obesity-related 
insulin resistance through antigen presentation, cytokine 
secretion, and antibody production [20, 21]. Through these 
processes, B cells have the unique ability to modulate T 
cell and macrophage cytokine production and polarization 
at multiple levels, and thus potentially represent an attrac-
tive new target for immune therapy of insulin resistance. 
Moreover, recent studies of B cells have yielded novel 
information on distinct antigens targeted by the immune 

system during insulin resistance [20]. These findings lay 
the groundwork for novel antibody-based diagnostics or 
vaccination approaches to insulin resistance. This review 
will highlight recent insights into the role of B cells in 
governing adipose tissue inflammation and obesity-related 
insulin resistance.

B cell subsets and functions

Like T cells, B cells consist of distinct subsets with differ-
ing surface phenotypes, functions, and cytokine secretion 
profiles. B cells can be divided into two broad classes, B-1 
or B-2 cells, which display unique development, pheno-
types, functions, and cytokine secretion profiles.

B-1 cells are typically enriched in mucosal tissues and 
body cavities including pleural, peritoneal, and pericardial 
cavities, and are also enriched in fatty tissues such as the 
omentum and fat pads near the peritoneal cavity [22]. B-1 
cells are further divided into B-1a cells, the major produc-
ers of natural IgM antibody in the body, and B-1b cells 
which give rise to adaptive humoral immune responses to T 
cell-independent antigens [23].

In the steady state, there is constant B-1 cell trafficking 
between the peritoneal cavity and abdominal VAT, such 
as the omentum, where B-1 cells often co-localize with 
other leukocytes into clusters called “milky spots” [24]. 
Milky spots in the omentum sample fluids and antigens 
from the peritoneal cavity, and contribute to an ensuing 
pro-inflammatory or immune suppressing response [25]. 
B-1 cells are found in similar lymphoid clusters in mes-
enteric and gonadal adipose tissue known as fat-associ-
ated lymphoid clusters (FALCs), where they interact with 
both phenotypically mature and immature immune cells 
[26]. During breach of the intestinal barrier, or in the 
presence of intraperitoneal bacteria, peritoneal cavity B-1 
cells become highly activated and produce T-independent 
antibodies. Through a CXCL13-dependent process, these 
cells exit the peritoneal cavity and traffic to omentum, 
spleen, and mesentery [27]. Indeed, B-1 cells are highly 
responsive to bacterial products such as lipopolysaccha-
ride (LPS) [27] and thus are considered as one of the first 
lines of defense against bacterial pathogens. B-1 cells 
also show prominent responses to some viral infections, 
including influenza [28]. It is also interesting to specu-
late that priming of the adaptive immune response from 
potential VAT antigens may occur at least partially in 
FALCs [29].

B-1 cells show a less diverse but more polyreactive anti-
body repertoire compared to B-2 cells [30]. Antibodies pro-
duced by B-1 cells are typically IgM, though these cells can 
also produce natural IgA in the gut mucosa [31]. One of the 
best-studied natural polyreactive IgM antibodies produced 
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by B-1 cells is the T15 idiotype, which reacts against phos-
phorylcholine on Streptococcus pneumonia. This antibody 
cross-reacts with membrane lipids on apoptotic cells and 
with modified forms of circulating lipids such as oxidized 
low-density lipoprotein (oxLDL) [32, 33]. Importantly, 
neutralization of oxLDL by natural IgM has been shown 
to protect against inflammation associated with athero-
sclerosis [34, 35]. B-1a cells are also major producers of 
IL-10, and can exert anti-inflammatory effects through this 
cytokine [36].

Recently, human B-1 cells have been identified in umbil-
ical cord and adult peripheral blood based on functional 
criteria that they share with mouse B-1 cells, such as spon-
taneous secretion of IgM and tonic intracellular signaling 
[37]. It will be interesting to compare these cells to mouse 
B-1 cells in terms of their putative roles in pathophysiology 
across multiple disease states.

B-2 cells produce specific antibodies to T-dependent 
antigens and are enriched in secondary lymphoid organs 
[38]. B-2 cells can be subdivided into more conventional 
B cells such as mature transitional cells (T1, T2, and T3) 
and mature follicular B cells [39]. In addition, B-2 cells 
include marginal zone B cells [39]. Conventional B-2 cells 
are stimulated by a variety of ligands to achieve an acti-
vated phenotype. In the naive state, B-2 cells typically 
require engagement of a combination of surface immuno-
globulin, the co-activator CD40, and a third signal, which 
is often provided by engagement of a Toll-like receptor 
(TLR) [40]. Antigen-induced B-2 cell activation typically 
occurs in secondary lymphoid structures, where the hall-
mark “germinal center reaction” occurs. During germinal 
center reactions, B-2 cells undergo clonal expansion, class 
switch recombination (CSR) to another isotype, somatic 
hypermutation (SHM) of VH genes, and affinity maturation 
for increased binding of antibody to a unique antigenic 
epitope [41]. CSR and SHM are mediated by an enzyme 
called activation-induced cytidine deaminase [42]. Con-
ventional B-2 cells can then differentiate into antibody-
secreting plasma cells or can switch into memory B cells 
that subsequently require less surface engagement for acti-
vation [43].

B-2 cells can produce a variety of cytokines, with some 
populations capable of producing more pro-inflammatory 
Th1 polarizing cytokines such as IFNγ, IL-12, and TNF-
α, and others producing cytokines more associated with 
Th2 responses such as IL-2, IL-4, and IL-13 [39]. More 
recently, regulatory B cells (“Breg” cells) with the ability to 
suppress inflammatory responses have been described [44]. 
One subset of these cells includes B cells called “B10” 
cells, which produce large quantities of IL-10 and may 
co-express CD1d and CD5 [45]. These cells mature in the 
presence of IL-21 and CD40-dependent cognate interaction 
with T cells, and exert potent anti-inflammatory effects on 

T cell activation and can markedly reduce autoimmune dis-
ease in vivo [46].

Effects of obesity and insulin resistance on B cell 
development

In mice and humans, B cell development typically occurs 
in the fetal or adult bone marrow. Early B cell development 
from progenitor B cells (pro-B cells) to precursor B cells 
(pre-B cells) occurs through upregulation of a pre-B cell 
receptor (BCR) in murine and human pre-B cells [47], fol-
lowed by expression of the BCR, which promotes survival 
of mature B cells in the periphery [48]. Many of the pro-
cesses of B cell development are under the control of the 
transcription factor, Pax5 [41].

During obesity, there is conflicting evidence as to 
whether bone marrow B cell development is enhanced 
or compromised. In one recent study, in which C57BL/6 
mice were fed a high-fat diet (HFD) for 180 days, marked 
increases in pre-B cells, immature and mature B cells were 
seen starting 90 days after initiation of HFD and persisting 
throughout the study [49]. Increased B cell lymphopoie-
sis was at least partially attributed to increases in leptin, 
which were associated with an up-to-sixfold increase in 
bone marrow adipocytes [49]. Consistently, leptin-defi-
cient obese ob/ob and leptin receptor-deficient db/db mice 
show deficits in B lymphocyte progenitors [50]. In another 
recent study in which mice were maintained on a HFD for 
~210 days, C57BL/6 mice showed a 52 % reduction in B 
cells in bone marrow, associated with a trend to reduced 
bone marrow Pax5 expression, consistent with reduced B 
cell lymphopoiesis [51]. Differences between these studies 
may be due the type and duration of HFD and methods of 
B cell quantification. It will be interesting to determine if 
chronic obesity can lead to leptin resistance in B cell pre-
cursors as a mechanism for altered B cell lymphopoiesis. 
Given the emerging importance of B cells in metabolic 
diseases, further investigation of the effects of obesity and 
insulin resistance on B cell development is warranted to 
better understand this fundamentally important biological 
process.

Pathophysiology of B cells in insulin resistance

Phenotypic changes and temporal response patterns of B 
cells in obesity

During the course of high-fat feeding, B cell populations 
infiltrate inflamed tissues such as VAT and undergo func-
tional and phenotypic changes. B cell infiltration into 
VAT of C57BL/6 mice placed on HFD peaks at around 
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3–4 weeks after initiation of HFD [19, 20]. B cell infiltra-
tion is thought to precede T cell infiltration into VAT, which 
typically begins with CD8+ T cell influx [10]; however, B 
cells are not the first immune cell to traffic into VAT. Infil-
trating neutrophils have been observed in VAT in as little as 
3 days after initiation of HFD [6, 52], while macrophages, 
including CD11c+ M1 macrophages, have been described 
in VAT as little as 1 week after the start of a HFD [53].

In addition to localizing with milky spots and FALCs 
in VAT, B cells, along with macrophages and T cells, can 
surround stressed or dying adipocytes in so-called “crown-
like structures” (CLSs) [8, 20]. Here, B cells likely sample 
antigen and modulate T cell and macrophage function [20]. 
In morbidly obese humans, B cells are increased in CLS 
of subcutaneous adipose tissue, suggesting that they also 
maintain a presence in multiple fat depots over the long 
term. More study of B cell infiltration into human VAT is 
needed to draw comparisons, given the increasing volume 
of supportive mouse data.

In response to HFD in C57BL/6 mice, total B cell 
numbers increase in VAT. By 6–12  weeks after initia-
tion of HFD, B cells in VAT show increased frequency of 
IgM+IgD− cells and increased class switching to IgG+ 
cells, especially to pro-inflammatory IgG2c [20]. Class 
switching is a hallmark of an active immune response and 
provides further evidence for adaptive immune-mediated 

inflammation occurring in VAT as an active pathophysi-
ological process underlying obesity.

Mechanisms used by B cells to modulate insulin resistance

B cells have a net pathogenic effect on HFD-induced obe-
sity-related insulin resistance. B cell-deficient mice (Bnull) 
placed on a HFD show reduced glucose levels and less 
insulin resistance compared to wild-type controls placed on 
the same diet [20]. Transfer of B-2 cells from diet-induced 
obese (DIO) mice into DIO Bnull mice worsens metabolic 
parameters, implicating some B cells as important patho-
genic mediators of insulin resistance [20]. As discussed 
below, B cells have been shown to drive obesity-related 
insulin resistance through a number of mechanisms, includ-
ing cytokine production, T cell modulation, and antibody 
production (Fig. 1).

Cytokine production

B cells are a source of numerous cytokines with impor-
tant effects in modulating immune-mediated disease. IL-
10-producing B cells include B10 and B1 cells in mice, 
and CD27+ IL-10-producing B cells in humans [54]. B 
cell-derived IL-10 is mainly an anti-inflammatory cytokine, 
and has been shown to have beneficial effects in chronic 

Fig. 1   B cells promote inflam-
mation in insulin resistance 
through multiple mechanisms. 
During obesity-related insulin 
resistance, B cells show altered 
cytokine production, character-
ized by decreased secretion 
of anti-inflammatory IL-10 
and increased secretion of 
chemokines, including IL-8. B 
cells also modulate T cells in 
VAT, and systemically in hema-
tolymphoid organs to induce 
secretion of pro-inflammatory 
cytokines such as IFNγ and 
IL-17. Finally, B cells show 
increased class switching to 
IgG and production of antibody 
against distinct antigenic targets 
linked to insulin resistance. 
Immune complexes to these 
targets have the potential to 
further activate macrophages to 
produce TNF-α, which further 
worsens insulin resistance
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inflammatory diseases such as experimental autoimmune 
encephalomyelitis (EAE) and collagen-induced arthritis in 
mice [44, 55, 56]. In these diseases, IL-10 has been shown 
to inhibit pro-inflammatory cytokine production, and pro-
mote regulatory T cell differentiation. IL-10 also appears 
to have a dominant protective role in insulin resistance, 
though this conclusion is less straightforward. IL-10 can 
prevent HFD-induced insulin resistance in mice by reduc-
ing macrophage and cytokine responses in skeletal muscle 
[57]. In this study, transgenic mice overexpressing IL-10 in 
skeletal muscle placed on a HFD showed improved whole-
body insulin sensitivity, and reduced inflammation as dem-
onstrated by decreased production of TNF-α and IL-6 [57]. 
Short-term treatment of mice with IL-10 can improve Akt 
phosphorylation and IRS-1 tyrosine phosphorylation in 
skeletal muscle, with less effect in white adipose tissue 
[57]. However, in another study, mice reconstituted with 
hematopoietic cells lacking IL-10 did not show worsening 
of inflammation in adipose tissue or liver, or reduced insu-
lin resistance after 12 weeks of HFD [58]. Interpretation of 
this study, however, was confounded by increased compen-
satory production of IL-10 from liver and adipose tissues.

In humans, impaired IL-10 production is associated 
with metabolic syndrome and T2D [59]. Consistently, B 
cells isolated from the blood of patients with T2D show 
decreased IL-10 production compared with matched con-
trol B cells in response to TLR2, TLR4, or TLR9 agonists 
[60]. As B cell-derived IL-10 has been shown to reduce 
chronic inflammation in other diseases, such as EAE, 
through blocking of Th1 differentiation, it is possible that 
reduced B cell IL-10 contributes to the increased Th1 cell 
differentiation seen systemically and in VAT in obesity-
related insulin resistance [11, 44, 61]. Thus, B cell-derived 
IL-10 could potentially act as a critical regulator of T cell 
polarization and metabolic balance in obesity. Further stud-
ies, such as those involving B cell-specific IL-10 knockout 
mice and dominant IL-10 producers such as B10 and B1 
cells, are needed to confirm this possibility and to identify 
the key cellular sources of this cytokine.

In addition to reduced IL-10 production, B cells isolated 
from the blood of T2D patients also produce elevated lev-
els of IL-8, a pro-inflammatory chemokine that can recruit 
neutrophils, but not IL-6 when compared to controls [60]. 
Serum IL-8 levels correlate with body mass index in obese 
humans [62], and it is interesting to speculate that B cells 
may promote neutrophil influx in VAT, although a role 
for this cytokine in insulin resistance has not yet been 
confirmed.

Changes in B cell cytokine production during obesity 
might also be influenced by increasing leptin levels associ-
ated with the obese state. The leptin receptor is expressed 
on B cells, T cells, monocytes, and macrophages [63]. In 
human B cells, leptin induces phosphorylation of Janus 

activation kinase 2, signal transducer and activator of 
transcription 3, p38 mitogen-activated protein kinase, and 
extracellular signal-regulated kinase (ERK1/2), leading 
to dose-dependent increases of TNF-α [64]. Leptin sign-
aling also acts to promote B cell survival by inhibiting 
apoptosis and inducing cell-cycle entry through activation 
of bcl-2 and cyclin D1 [65]. Leptin has potent Th1 T cell-
polarizing properties, and so it is interesting to speculate 
that some of the pro-inflammatory changes seen in T cells 
and B cells in VAT inflammation are influenced by leptin. 
Additional studies analyzing the effects of leptin or leptin 
receptor deficiency (e.g., in ob/ob and db/db mice) on VAT 
B cell function are needed to further characterize these 
mechanisms.

In addition to leptin, B cells in VAT are also exposed 
to increased saturated fatty acids, which have been shown 
to stimulate TLR4 in a manner similar to LPS, which is a 
strong B cell stimulus [66]. Toll-like receptor activation by 
saturated fatty acids leads to the activation of the NF-κB 
pathway and production of proinflammatory cytokines IL-6 
and TNF-α in adipocytes and macrophages in the context 
of diet-induced obesity [66]. However, more studies are 
needed to determine whether the local inflammatory envi-
ronment, rich in fatty acids, in VAT could also contribute 
to alterations in B cell activation and cytokine production.

T cell modulation

In addition to producing cytokines, B cells are also impor-
tant antigen-presenting cells and through this activity they 
can profoundly influence T cells. B cells regulate pro-
inflammatory T cell function in models of infection, cancer 
[67], autoimmunity [68], and chronic inflammatory disease 
such as atherosclerosis [34]. In diet-induced obesity, B cells 
can interact with T cells in an MHC-dependent manner to 
induce T cell IFNγ expression, which contributes to local 
and systemic inflammation and associated insulin resist-
ance [20]. Indeed, transfer of B cells lacking MHC class 
I or II expression from HFD-fed mice into diet-induced 
obese B cell-deficient mice fails to worsen glucose toler-
ance. Moreover, transfer of wild-type B cells from HFD-
fed mice into diet-induced obese recombination activating 
gene-deficient mice, which lack T and B cells, has only a 
minor negative effect on glucose tolerance [20]. These 
findings indicate that B cell modulation of T cells, likely 
through cognate interactions, is an important mechanism by 
which B cells influence the development of insulin resist-
ance. These interactions are known to take place in VAT or 
FALCs, but they may also occur in other metabolic tissues 
such as muscle or in hematolymphoid organs, such as the 
spleen. Very recently, these findings have been reproduced 
and extended in important work that shows marked reduc-
tion of inflammatory T cell signature genes and cytokines, 
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such as IFNγ and IL-17, in VAT of B cell-deficient mice 
compared to controls, as well as a critical role for contact-
dependent B cell regulation of T cell-derived IL-17 from 
the blood of human subjects with T2D [21].

T cells can also modulate B cells, and it is possible that 
reciprocal interactions occur, with T cells functioning to 
alter B cell cytokine production, immunoglobulin class 
switching, or activation state, potentially through CD40–
CD40L interactions [69]. Given the restricted T cell receptor 
repertoire that develops in obesity-related insulin resistance 
in VAT, the above findings support a role for antigen-spe-
cific immunity in VAT inflammation, with antigen presenta-
tion by B cells as a potential driver of this process [11].

Although interactions between CD40L on T cells and 
CD40 on B cells play an important role in germinal center 
formation, memory B cell development, and immunoglobu-
lin class switching, the role of these interactions in insu-
lin resistance is controversial. The first study of CD40L-
deficient mice fed a high-fat diet showed improved insulin 
resistance as well as reduced macrophage and T cell accu-
mulation in adipose tissue [69]. Mice treated with anti-
CD40L inhibiting antibody recapitulated many of these 
results and also showed decreased IL-6 and leptin plasma 
levels [69]. However, other studies of CD40L- or CD40-
deficient mice have failed to demonstrate improvement in 
insulin resistance [70, 71]. In one study, CD40L-deficient 
mice showed reduced immune cell VAT infiltration, inflam-
mation, and IgG antibody levels against oxidized lipids, but 
these mice were not protected from insulin resistance [70]. 
Another report showed that when mice deficient in CD40 
were fed a high-fat diet, they had significantly increased 
VAT inflammation and insulin resistance by comparison to 
wild-type mice [71]. Further investigations of the role of 
CD40 and CD40L in insulin resistance are needed.

In addition to interactions with T cells, direct interac-
tions with adipocytes may also function to shape B cell 
responses in VAT. For example, along with traditional adi-
pokines including the aforementioned leptin, which may 
shape B cell responses, adipocytes in VAT are also a source 
of the potent B cell survival factor, B cell-activating fac-
tor [BAFF, or B lymphocyte stimulator (BlyS)]. The levels 
of BAFF increase in VAT during the course of high-fat-diet 
feeding and associated insulin resistance [72]. BAFF secre-
tion by adipocytes in vitro is modulated by oxidative stress 
through NF-κB pathway activation; thus, the local hypoxic 
environment in obese VAT may be one trigger for B cell 
survival and activity in VAT during obesity-related insulin 
resistance [73].

Antibody production

Antibody production is a prototypical function of B 
cells, and antibodies have important roles in multiple 

inflammatory diseases including rheumatoid arthritis, 
lupus, and atherosclerosis. In diet-induced obesity in mice, 
total splenic B cells show reduced production of spontane-
ous IgM, but increased IgG secretion [20]. Consistently, 
studies from Akita mice, in which there is aberrant insulin 
folding leading to hyperglycemia, show that hyperglycemia 
alone can delay production of IgM from LPS-stimulated 
splenocytes [74]. These findings indicate that obesity and 
hyperglycemia directly influence antibody production. In 
addition, diet-induced obese mice have increases in class-
switched pro-inflammatory IgG2c antibody [20]. Oral feed-
ing of ovalbumin (OVA) antigen in obese mice induces 
production of pro-inflammatory IgG2c antibodies, while 
feeding the same antigen to lean mice induces predomi-
nantly IgG1, suggesting that a high-fat diet and obesity 
promote an active pro-inflammatory environment that can 
contribute to immunoglobulin class switching in B cells 
[75].

While obesity profoundly impacts antibody production 
and isotype, antibodies, in turn, have dramatic effects on 
insulin resistance in obesity. Transfer of purified IgG from 
DIO mice (HFD IgG), but not from lean mice, induces 
an Fc-dependent worsening of insulin resistance [20]. 
Although the antigens recognized by these antibodies have 
not been identified, the pathogenicity of IgG increases with 
duration of exposure to HFD, and is also dependent on 
HFD exposure in the recipient mice, possibly due to diet-
induced conditioning or induction of antigen [20]. HFD 
IgG likely affects multiple cell types, but FcγR activation 
of macrophages with HFD IgG has been shown to promote 
TNF-α production in vitro and in vivo. In particular, mac-
rophages isolated from the VAT of DIO B cell-deficient 
mice and stimulated with HFD IgG show an Fc-dependent 
increase in TNF-α production in vitro. In addition, transfer 
of HFD IgG in DIO B cell-deficient mice induces increased 
M1 macrophage polarization and TNF-α production from 
VAT stromal vascular cells in vivo [20]. Given that levels of 
IgG are increased in VAT in DIO mice [20], HFD IgG and 
their proinflammatory FcγRs likely represent important 
modulators of VAT macrophage function and polarization 
during obesity-related insulin resistance. Since adipocytes 
also express FcγRs, the possibility exists that IgG antibody 
also has direct effects on adipocyte function in VAT [76]. 
As antibodies can fix complement, it will also be critical 
to determine how HFD IgG influences production of C3a, 
which binds C3aR on macrophages, since both C3a and 
C3aR have been shown to promote insulin resistance [77].

Antibodies can also regulate obesity at the level of 
lipid absorption from the gut. Mice lacking B cells or IgA 
exhibit up-regulation of selected inflammatory pathways, 
including interferon inducible pathways, in their intestinal 
epithelium, and an associated reduction in lipid absorp-
tion [78]. Consistently, B cell-deficient mice show reduced 
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visceral fat pad weights on HFD compared to wild-type 
mice [20, 78]. Thus, B cells play an important role in shap-
ing mucosal immunity to gut microbiota, and loss or altera-
tion of this function can lead to changes in nutrient absorp-
tion and local inflammatory responses.

Consistent with these findings, there is increasing evi-
dence for a role of the intestinal microflora in regulating 
obesity and insulin resistance [79, 80]. Interestingly, HFD 
has been associated with increased permeability across 
the gut [81], and triglycerides present in HFD can pro-
mote absorption of intestinal antigens and LPS into VAT 
in a chylomicron-dependent manner [82–84]. HFD expo-
sure has been shown to lead to systemic endotoxemia due 
to such LPS absorption from the gut [85]. These findings 
beg the question of whether some of the pathogenic IgG 
identified in DIO mice target food or bacterial antigens 
derived from the gut. Such findings would be consistent 
with the dependence of IgG pathogenicity on the duration 
of HFD in both IgG donors and recipients, as described 
[20]. Indeed, elevated IgG levels against specific bacterial 
antigens recently have been reported in obese patients and 
HFD-fed mice [86], and further study is warranted to deter-
mine the pathological significances of these findings.

In addition to targeting potential gut-derived or for-
eign antigenic targets, antibodies have also been shown in 
multiple studies to be directed against self-antigens dur-
ing the course of insulin resistance (Table 1). In a cohort 
of 32 overweight and obese male human subjects, insulin 
resistance was linked to a relatively distinct autoantibody 
profile [20]. Antigens targeted during the course of insu-
lin resistance are predominantly intracellular proteins and 
are expressed in multiple cell types and tissues such as 
immune cells, pancreas, liver, nervous system, muscle, and 
fat. In this study, Golgi SNAP receptor complex member 
1 (GOSR1), transcript variant 1, was the most prevalent 

antigenic target, with autoantibodies present in more than 
70 % of insulin resistant subjects [20]. GOSR1 is involved 
in shuttling proteins between the endoplasmic reticulum 
(ER) and Golgi, and it will be interesting to investigate 
how the transcription, splicing, or translation of this pro-
tein is influenced during ER stress, a hallmark of insulin 
resistance, and whether these changes can alter antigenic-
ity [87]. Antibodies against phosphogluconate dehydroge-
nase, which is highly expressed in adipocytes, are found in 
approximately 40  % of insulin-resistant overweight male 
subjects [20]. Thus, it is possible that dying or apoptotic 
adipocytes, commonly seen in obese insulin resistant VAT 
at the center of CLSs, represents one potential source of 
autoantigen and contributes to insulin resistance [29, 88]. 
Indeed, deletion of the apoptotic inducer, Fas (CD95), 
in adipocytes has been shown to decrease infiltration of 
CD11b myeloid cells into VAT, and reverse the adverse 
effects of HFD on glucose homeostasis [89].

Neural tissue represents another source of autoantigens 
in insulin resistance. Autoantibodies against glial fibrillary 
acidic protein (GFAP) in insulin resistance or T2D have 
been seen in 30–50 % of patients in multiple studies [20, 
90]. A recent study showed that HFD-induced obesity is 
associated with IgG antibody deposition in the hypothala-
mus of rodents, and it will be interesting to investigate how 
antibody deposition in a critical feeding and metabolism 
regulatory center of the brain influences systemic glucose 
metabolism [91]. GFAP is also expressed in peri-islet glial 
tissue in the pancreas, and while this tissue is targeted in 
type 1 diabetes, a role for its targeting in type 2 diabetes is 
a possibility that warrants future investigation [92].

Interestingly, some autoantibody targets may be exposed 
following viral or bacterial infection. Autoantibodies 
against protein disulfide isomerase (PDI), elicited by post-
streptococcal infection, can contribute to insulin resistance 
[93]. Use of an integrative personal omics profile approach 
in a single individual showed that the development and 
onset of T2D was preceded by two viral infections dur-
ing the year, including a human rhinovirus infection early 
in the study and a respiratory syncytial virus infection 
which directly preceded the rise in glucose. Viral infection 
in this subject led to the appearance of novel autoantibod-
ies in the circulation [94]. Some of these autoantibodies 
targeted potential insulin receptor binding molecules such 
as DOK6, while others targeted self-antigens previously 
associated with the insulin resistant state, including BTK 
and GOSR1 [20]. The findings suggest additional roles for 
environmental cues, outside of diet, in shaping an immune 
response that may promote insulin resistance or T2D.

Other studies have shown that antibodies that inhibit 
endothelial cell function are present in 30  % of T2D 
patients, and correlate with vascular complications [95–97]. 
Another recent report has shown that B cells and potential 

Table 1   Antibody targets associated with insulin resistance

Antigen References

Golgi SNAP receptor complex member 1 (GOSR1) [20]

Phosphogluconate dehydrogenase (PGD) [20]

Glial fibrillary acidic protein (GFAP) [20, 90]

Protein disulfide isomerase (PDI) [93]

Docking protein 6 (DOK6) [94]

Bruton’s tyrosine kinase (BTK) [20]

Asparatoacyclase (ASPA) [20]

Escherichia coli (LF-82) extracts [86]

MDA-modified ApoB epitopes p45 and p210 [95]

Endothelial cells [96]

Angiotensin II type 1 receptor [97]

Beta 1-adrenergic receptor [97]

Alpha 1-adrenergic receptor [97]
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pathogenic IgG are linked to the development of insulin 
resistance in different lupus prone C57BL/6 mouse models 
[98]. Increased production of IgG autoantibody in obesity 
is thought to be mechanistically linked to binding of mac-
rophage-derived apoptosis inhibitor macrophage to penta-
meric IgM complexes, which reduces clearance of these 
complexes, potentiating IgG autoantibody production [99].

It is important to note that the autoantibodies identified 
in the aforementioned studies linked to insulin resistance 
are distinct from those such as anti-glutamic acid decar-
boxylase and other autoantibodies characteristic of type 
1 diabetes, which are often linked to latent autoimmune 
diabetes in adults [100]. The list of autoantibodies associ-
ated with insulin resistance will likely continue to grow as 
additional studies investigate their frequency and functions. 
Ultimately, such information will be crucial in developing 
novel antibody-based diagnostics for insulin resistance and 
vaccination approaches to T2D.

B cells as a therapeutic target in insulin resistance

The emergence of inflammatory pathways as important 
mediators of insulin resistance has led to a number of trials 
investigating the use of anti-inflammatory drugs for diabe-
tes. Treatments directed against IL-1β [101] or the use of 
anti-inflammatory drugs such as salsalate [102] have shown 
promising results in clinical trials. Given their role in gov-
erning multiple aspects of insulin resistance pathology, 
B cells represent a promising new therapeutic target. An 
anti-CD20 B cell depleting antibody (Rituximab) is FDA 
approved for use in some autoimmune diseases, such as 
rheumatoid arthritis and lupus, but carries the potential risk 
for rare but worrisome side effects [103]. Nonetheless, an 
anti-CD20-depleting antibody has shown marked therapeu-
tic benefit when given early in the course of diet-induced 
obesity in mice. The therapeutic effect of B cell depletion 
with anti-CD20 in mice is linked to marked reductions in 
proinflammatory cytokines such as IFNγ and TNF-α in 
VAT, suggesting that B cells may be central regulators in 
orchestrating T cell and macrophage cytokine production 
in VAT [20]. Drugs targeting BAFF such as Belimumab, 
which reduce B cell survival, maturation, and activa-
tion [104] have been approved for the treatment of lupus. 
Mice lacking the BAFF-R show a preferential reduction in 
pathogenic B2 cells, over potentially beneficial B1a cells, 
in models of atherosclerosis [105, 106]. These mice also 
show improved glucose tolerance on HFD [107] and future 
studies are needed to see if anti-BLyS/BAFF therapy shows 
benefits in models of obesity-related insulin resistance.

Additional agents that target B cells include transmem-
brane activator, calcium modulator and cyclophilin ligand 
interactor fusion proteins, or antibodies or inhibitors to 

CD19, CD22, spleen tyrosine kinase, and a proliferation-
inducing ligand, and studies investigating the effects of 
these agents on insulin resistance would be worthwhile. 
As antibodies are potential novel modulators of inflam-
mation in insulin resistance, the effect of FcR-regulating 
agents, including intravenous immunoglobulin and related 
therapies, may also show therapeutic benefit. In addition 
to studying the effect of B cell-modulating drugs in insulin 
resistance, it will also be important to study the effects that 
surgical approaches to obesity, such as bariatric surgery, 
have on B cell function. Bariatric surgery has been asso-
ciated with dramatic improvement in obesity-related dia-
betes [108], along with reductions in IFNγ in VAT [109], 
and so the mechanisms responsible for these results should 
provide new insights into B cell behavior in obesity-related 
diabetes control. The use of cell-based therapy, involving 
transfers of potentially protective regulatory B cells, or 
B10 B cells, also may yield therapeutic results. Finally, 
the identification of autoantibody signatures linked to 
both insulin-resistant and insulin-sensitive states in obese 
patients [20] opens the door to potential novel antigen-tol-
erizing approaches to antigens linked to insulin resistance, 
or to boosting immunity against antigens linked to insulin 
sensitivity. However, more work is first needed to better 
elucidate the roles of self-antigen targeting in insulin resist-
ance before such experiments can be undertaken.

Conclusions

B cells are an important new player in the promotion of 
inflammation associated with insulin resistance and T2D. 
B cells infiltrate inflamed tissues such as VAT, in insulin 
resistance, where they sample antigen and promote T cell 
IFNγ production. Presumably, B cell activation occurs as 
a result of stimulation with antigen, which may be self-
derived or potentially derived from exogenous sources 
including bacterial or viral antigens. Increased T cell IFNγ, 
along with reduced B cell-derived IL-10, characteristic of 
insulin resistance, contributes to increased M1 macrophage 
polarization in inflamed tissue. M1 macrophages produce 
TNF-α, and in concert with increasing IFNγ, this cytokine 
contributes to impaired insulin receptor signaling. B cells 
also contribute to insulin resistance through production of 
IgG antibodies, which further enhance local macrophage 
TNF-α production in an Fc-dependent process, and may 
have additional effects in targeting insulin signaling mol-
ecules and other self- or foreign antigens.

Additional work is needed to identify B cell-targeted 
antigens in insulin resistance, and studies investigating the 
frequency of specific BCR sequences in VAT and how these 
change in response to HFD are underway. Furthermore, 
additional insight into the roles of distinct B cell subsets, 
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and how each individual subset promotes or regulates insu-
lin resistance is needed. Validation of novel antigenic sig-
natures of insulin resistance in larger clinical studies could 
lead the way to new diagnostics to help manage the disease. 
Finally, B cells represent an attractive new target for the 
treatment of insulin resistance and T2D, and well-designed 
clinical trials are needed to determine the safety and effec-
tiveness of targeting B cells in patients with these disorders.
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