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B lymphocytes as emerging mediators of insulin resistance
DA Winer1,2, S Winer1,2, L Shen3, MHY Chng3 and EG Engleman3

Obesity is associated with chronic inflammation of various tissues including visceral adipose tissue (VAT), which contributes to
insulin resistance. T cells and macrophages infiltrate VAT in obesity and orchestrate this inflammation. Recently, we made the
surprising discovery that B cells are important contributors to this process. Thus, some B cells and the antibodies they produce
can promote VAT-associated and systemic inflammation, leading to insulin resistance. This report will focus on the properties of
these B cells, and how they contribute to insulin resistance through T-cell modulation and production of pathogenic
autoantibodies. Understanding the mechanisms by which B cells contribute to insulin resistance should lead to new antibody-
based diagnostics and B-cell modulating therapeutics to manage this increasingly prevalent disease.
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INTRODUCTION
Insulin resistance is a state that precedes type 2 diabetes (T2D) in
mice and humans and is a key feature of obesity-related metabolic
syndrome, one of the world’s fastest growing epidemics.1 Multiple
factors contribute to insulin resistance, but inflammation of
visceral adipose tissue (VAT) resulting in chronic release of pro-
inflammatory cytokines is a major contributor.2,3 Macrophage
infiltration of VAT is a key event in the development of chronic
inflammation leading to insulin resistance.4--6 Activation and
polarization of macrophages in VAT are influenced by local
immune cell cytokine production. In obesity, IFNg-secreting
CD8þ T cells and Th1 CD4þ T cells infiltrating VAT enhance the
formation and pro-inflammatory functions of M1 macrophages.7,8

Such macrophages in VAT produce IL-1b, IL-6 and TNFa, which can
alter insulin receptor signaling in target tissues, directly contribut-
ing to insulin resistance. These cytokines are present at increased
levels in the serum of obese individuals and contribute to
systemic insulin resistance. By contrast, in lean individuals, VAT is
dominated by IL-4- and IL-13-secreting Th2 CD4þ T cells,
eosinophils, as well as IL-10- and TGF-b-producing CD4þ Foxp3þ

T cells, which induce anti-inflammatory IL-10-secreting M2 or
‘alternatively activated’ macrophages.7,9--11 Thus, the balance of
macrophage polarization and ensuing VAT inflammation is directly
influenced by T-cell functional status.

In addition to T cells, B cells also infiltrate VAT during diet-
induced obesity, and only recently has their role in the develop-
ment of insulin resistance been elucidated. B cells can modulate
the immune system at multiple levels through antigen presenta-
tion, cytokine secretion and antibody production. Both systemic
and local VAT-associated alterations in B-cell subsets, their
cytokine profiles and the antibodies they produce are found
in obesity and associated insulin resistance. These alterations in
B cells contribute to T-cell cytokine release and macrophage
polarization in VAT, and represent a new means by which the
adaptive immune system exerts physiological control over
systemic and VAT-associated inflammation and insulin resistance.
This review will summarize the recent findings implicating B cells
in the pathogenesis of insulin resistance.

B-CELL SUBSETS
B cells are important in the production of natural and specific
antibodies, antigen presentation and modulation of T-cell activa-
tion. B cells consist of distinct subsets with differing surface
phenotypes, functions and cytokine secretion profiles. They can be
divided into two broad classes, B-1 or B-2 cells, and both types are
found in VAT and can produce antibodies.

B-1 cells are enriched in mucosal tissues and body cavities,
including the pleural, pericardial and peritoneal cavities. They can
be classified further into B-1a cells, which are the main producers
of natural IgM antibodies, and B-1b cells, which mediate adaptive
humoral responses to T-independent antigens.12 B-1 cells circulate
from the peritoneal cavity into VAT, mesenteric lymph nodes and
spleen via a CXCL13-dependent process, especially upon breach
of the intestinal barrier.13 In VAT, B-1 cells can localize to fat-
associated lymphoid clusters, which consist of various mature and
immature immune cells.14 B-1 cells express a less diverse but more
polyreactive antibody repertoire compared with B-2 cells15 and
are highly responsive to pathogen-associated molecules such
as lipopolysaccharide.13 Thus, they provide crucial immunity to
bacterial pathogens. For instance, B-1 cells express a unique
antibody repertoire, including protective neutralizing IgM anti-
bodies against phosphorylcholine on Streptococcus pneumoniae,
that cross-react with membrane lipids on apoptotic cells and with
modified forms of circulating lipids including oxidized low-density
lipoprotein (oxLDL).16,17 Such neutralizing IgM antibodies are
considered to be protective against inflammation caused by
oxLDL in atherosclerosis.18,19 B-1 cells are also a major source of IL-
10 and may exert anti-inflammatory effects via this cytokine.20

B-2 cells are conventional B cells found most frequently in
secondary lymphoid organs.21 They can be subdivided into
mature transitional cells (T1, T2 and T3) and mature follicular or
marginal zone B cells.22 B-2 cells produce specific antibodies to
T-dependent antigens. Depending on the cytokine environment,
B-2 cells can differentiate into effector cells, which produce IL-2, as
well as pro-inflammatory cytokines, such as IFNg and IL-12, or anti-
inflammatory and Th2-like cytokines, such as IL-10 and IL-4.23

B cells that specialize in producing large amounts of IL-10 have
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been termed ‘B10’ cells, some of which coexpress CD1d and CD5
and have the ability to exert significant influence on T-cell
activation and some inflammatory responses.24

PATHOPHYSIOLOGY OF B CELLS IN INSULIN RESISTANCE
B cells infiltrate VAT in diet-induced obesity
Both B-1 and B-2 cells are found in VAT. In C57BL/6 mice placed on
a high-fat diet (HFD), B cells infiltrate adipose tissue within the first
3 weeks of diet initiation.25,26 This B-cell infiltrate includes both B-1
and B-2 B cells. By 6--12 weeks on HFD, VAT-associated B cells
demonstrate evidence of participation in an active immune
response, including class switching to IgMþ IgD� and IgGþ

isotypes. In addition to localizing to fat-associated lymphoid
clusters in obesity, B cells aggregate between and around stressed
and dying adipocytes, likely sampling antigens from these cells
and presenting their processed peptides to T cells. Indeed, B cells
are often found in association with macrophages and T cells,
forming the so-called ‘crown-like structures’ (CLS).2 CLS in the VAT
of obese individuals are thought to be regions of cytokine and
immune cell cross talk.

T-cell modulation
Our recent work has shown that some B cells can promote insulin
resistance in obesity. B-cell-deficient (Bnull) mice on a HFD show
improved glucose tolerance and insulin sensitivity despite weight
gain, when compared with the control wild-type mice.26 One
mechanism by which B-2 B cells promote insulin resistance is by
interacting with T cells in an MHC-dependent manner to induce
their secretion of pro-inflammatory IFNg, a crucial cytokine in M1
macrophage polarization. Indeed, transfer of B cells lacking MHC
into Bnull mice fails to worsen glucose tolerance, indicating the
importance of cognate interactions with T cells in promoting
insulin resistance. It is also possible that reciprocal interactions
occur, with T cells influencing B cells in VAT, through induction of
IgG class switching, possibly enhanced through CD40-CD40L
interactions.27

Cytokine production
In addition to antigen presentation, B cells are also significant
producers of cytokines that can modulate insulin resistance. IL-10
is typically considered an anti-inflammatory cytokine, and can be
produced by B1 and B10 cells in mice and CD27þ IL-10-producing
B cells in humans.28 B-cell-derived IL-10 has been shown to be a
critical mediator in protection against inflammatory diseases such
as experimental autoimmune encephalomyelitis.29,30 In humans,
decreased IL-10 production capacity is associated with metabolic
syndrome and T2D.31 Consistently, B cells isolated from individuals
with T2D secrete less IL-10 in response to TLR2, TLR4 and
TLR9 agonists.32 As IL-10 can block Th1T-cell differentiation, it is
possible that systemic and local B-cell-derived IL-10 in VAT holds
Th1 cells in check, to maintain metabolic balance. Along with
decreased production of IL-10, B cells have been shown to produce
higher levels of IL-8, a pro-inflammatory chemokine, in individuals
with T2D, but not IL-6 when compared with nondiabetic control
subjects.32

Antibody production
In the spleens of diet-induced obese (DIO) mice, B cells show
increased spontaneous production of IgG and decreased IgM
production, consistent with the concept of obesity altering
systemic immunity. In Akita mice, which develop hyperglycemia
due to insulin misfolding, hyperglycemia can delay the production
of IgM from LPS-stimulated splenocytes. Thus, hyperglycemia
alone can alter B-cell antibody production.33 In response to
HFD, sera and VAT from DIO mice show increased levels of

pro-inflammatory IgG2c antibody, further evidence that class
switching of antibody occurs as a direct consequence of obesity.26

Oral feeding of protein causes obese mice to develop IgG2a/c
to protein antigens, whereas the same antigens elicit a less
inflammatory IgG1 isotype in lean mice.34

Antibodies have direct pathogenic roles in autoimmune
diseases such as systemic lupus and myasthenia gravis, but until
recently there had been little or no evidence that autoantibodies
contribute to the development of insulin resistance. Our recent
findings challenge this notion, as transfer of serum IgG from DIO
C57BL/6 mice into DIO B-cell-deficient recipients can promote
insulin resistance.26 This effect requires exposure of both IgG
donor and recipient mice to HFD, suggesting that possible diet-
induced conditioning or induction of target antigens may be
important.26 The effect of antibodies on insulin resistance occurs
in an Fc-dependent manner, indicating that one potential mech-
anism of antibody-induced insulin resistance occurs via FcRg
activation of immune cells, most likely macrophages. Indeed, HFD
IgG can prime VAT macrophages to produce TNFa both in vitro
and in vivo.26 FcRs are also present on adipocytes, and it may be
possible that antibodies bind directly to adipocytes to influence
insulin resistance.35 Antibodies can also fix complement proteins,
and thus additional information is needed to determine whether
obesity-associated IgG has a role in the production of complement
protein C3a, which binds its receptor C3aR on macrophages, both
of which have recently been described as key mediators of insulin
resistance.36

Association of an autoantibody signature with insulin resistance
in humans
The identification of autoantibodies as mediators of insulin resis-
tance predicts that certain targeted antigens will be associated
with the insulin-resistant state. Indeed, in a cohort of 32 over-
weight to obese subjects, we found that insulin resistance or
sensitivity is associated with distinct autoantibody clusters.26 Most
of the antigens targeted in the insulin-resistant state are intra-
cellular proteins, many of which are expressed in multiple tissues
such as immune cells, pancreas, nerves, muscle or fat. Examples of
these antigens include Golgi SNAP receptor complex member
1 (GOSR1), transcript variant 1, targeted in more than 70% of
insulin-resistant male patients in one cohort.26 GOSR1 is part of
the Golgi SNAP receptor complex and functions in protein traf-
ficking between the endoplasmic reticulum and Golgi. More
information is needed to determine how GOSR1 transcription is
regulated and whether it varies in response to ER stress, a hallmark
of insulin resistance.37

Another targeted antigen is glial fibrillary acidic protein (GFAP),
to which 30--50% of patients with insulin resistance or T2D develop
autoantibodies.26,38 Whether the source of GFAP antigen respon-
sible for inducing immunity originates in the central nervous system
or other tissues, including the pancreas, remains an interesting
question for future study.39 Other reports have shown that anti-
bodies that inhibit endothelial cell function occur in more than
30% of type 2 diabetics, and correlate with vascular complica-
tions.40--42 Another study has shown that some autoantibodies
responsible for insulin resistance can be elicited as a consequence
of infection. For instance, following streptococcal infection,
antibodies are produced to protein disulfide isomerase, and can
contribute to insulin resistance.43 The role of natural IgM anti-
bodies from B-1 cells, which have been shown to be protective in
atherosclerosis, remains unknown in insulin resistance. As the
connection between insulin resistance and adaptive immunity
strengthens, the number of autoantibodies associated with insulin
resistance will likely increase. Identification of targeted antigens
in insulin resistance will be crucial for the development of new
antibody-based diagnostics and possible future vaccination
approaches to insulin resistance.
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POTENTIAL THERAPIES THAT TARGET PATHOGENIC B CELLS
Besides diet and exercise, the current medical management of
obesity-related insulin resistance mainly includes drugs such as
Metformin, which target altered insulin and glucose metabolism.
Because of the prominent inflammatory component of metabolic
syndrome, which fuels the development of insulin resistance,
inflammatory cells and their products are attractive new targets
for the treatment of this disorder. Drugs targeting IL-1b44 and
anti-inflammatory drugs, such as salsalate,45 have shown
promising results in clinical trials. Targeting pathogenic B cells
represents another possible future means of therapy. In this
regard, a B-cell-depleting anti-CD20 antibody (rituximab) is FDA
approved for the treatment of rheumatoid arthritis, whereas
anti-BLyS (B-lymphocyte stimulator or B-cell-activating factor),
which targets a B-cell survival factor, has been approved for the
treatment of systemic lupus. Conventional B-2 cells require
BLyS for survival, maturation and activation,46 and thus anti-BlyS
(belumimab) preferentially targets B-2 cells, which produce
pathogenic IgG, leaving B-1 cells, which produce IL-10 and natural
IgM, intact. In mice maintained on a HFD, early depletion of B cells
with an anti-CD20 antibody has a marked therapeutic benefit in
insulin resistance, with effects linked to reduced production of
IFNg and TNFa in VAT.26 Other B-cell-modulating agents include
transmembrane activator, calcium modulator and cyclophilin
ligand interactor fusion proteins or antibodies to or inhibitors of
CD19, CD22, spleen tyrosine kinase and a proliferation-inducing
ligand.

Additional therapeutic approaches relevant to B cells in insulin
resistance may include FcR modulation or cell-based therapy
using IL-10-producing anti-inflammatory B cells. The identi-
fication of antibody signatures linked to either insulin-resistant
or -sensitive states also raises the fascinating question as to
whether boosting immunity against distinct antigens may
dampen disease and provide the basis for a future preventative
vaccine against insulin resistance.

Summary
Our findings support a model in which B cells infiltrate VAT in
obese individuals and associate with T cells and macrophages in
CLS. B cells sample antigen from the surrounding tissues, possibly
from dead adipocytes, and present peptides to VAT-associated
CD4þ and CD8þ T cells, which produce IFNg. In the presence of
decreasing amounts of B-cell-derived IL-10, IFNg polarizes nearby
macrophages to an activated M1 phenotype. These M1 macro-
phages secrete large amounts of TNFa that acts in concert with
IFNg to cause insulin resistance. IL-8, produced by B cells,
attracts additional inflammatory cells, including macrophages,
to the site of VAT inflammation.47 B-cell-derived pathogenic
IgG, including IgG2c, acts locally on macrophages in an
Fc-dependent mechanism to further bolster TNFa production.
IgG antibodies are also induced in spleens during obesity and
may contribute systemically to insulin resistance in other target
tissues. Figure 1 summarizes the roles of B cells in governing
insulin resistance.

CONCLUSION
Our findings indicate that B cells have a critical role in the
development of insulin resistance. These cells can promote insulin
resistance through T-cell modulation and production of patho-
genic antibodies. Some B cells secrete IL-10, and more work is
needed to determine whether these B cells have a protective role
in insulin resistance. The use of autoantibody-based assays
represents a future avenue of diagnostic research in obesity, as
does the modulation of B cells for potential therapy or vaccine
development against this pervasive disease.
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Figure 1. The role of B cells in VAT inflammation and insulin resistance. In the lean state, B cells produce IL-10, which promotes M2
macrophage polarization and insulin sensitivity. During obesity, B cells present insulin-resistance-associated antigens to T cells, leading to IFNg
production and M1 macrophage polarization. B cells undergo class switching to produce IgG2c with the potential to bind FcRs on macro-
phages and induce TNFa secretion. B cells also secrete pro-inflammatory chemokines such as IL-8, which may help recruit additional immune
cells, including macrophages, to perpetuate the inflammation.
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