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Patients with type 2 diabetes (T2D) have disease-associated changes
in B-cell function, but the role these changes play in disease
pathogenesis is not well established. Data herein show B cells from
obese mice produce a proinflammatory cytokine profile compared
with B cells from lean mice. Complementary in vivo studies show
that obese B cell–null mice have decreased systemic inflammation,
inflammatory B- and T-cell cytokines, adipose tissue inflammation,
and insulin resistance (IR) compared with obese WT mice. Reduced
inflammation in obese/insulin resistant B cell–null mice associates
with an increased percentage of anti-inflammatory regulatory
T cells (Tregs). This increase contrasts with the sharply decreased
percentage of Tregs in obese compared with lean WT mice and
suggests that B cells may be critical regulators of T-cell functions
previously shown to play important roles in IR. We demonstrate
that B cells from T2D (but not non-T2D) subjects support proinflam-
matory T-cell function in obesity/T2D through contact-dependent
mechanisms. In contrast, human monocytes increase proinflamma-
tory T-cell cytokines in both T2D and non-T2D analyses. These data
support the conclusion that B cells are critical regulators of inflamma-
tion in T2D due to their direct ability to promote proinflammatory
T-cell function and secrete a proinflammatory cytokine profile. Thus,
B cells are potential therapeutic targets for T2D.
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Multiple studies support the concept that inflammation strongly
associates with insulin resistance (IR), which, in addition to

loss of islet function, defines type 2 diabetes (T2D) (1). Work im-
plicating B cells in IR/T2D is limited. We showed B cells from T2D
subjects secrete a proinflammatory cytokine profile, including an
extraordinary inability to secrete the potent anti-inflammatory
cytokine IL-10 and an elevated production of proinflammatory
IL-8 compared with B cells from non-T2D subjects (2). Given the
importance of B-cell IL-10 in preventing numerous inflammatory
diseases (3, 4) and the links between IL-8 and T2D (5, 6), these
data suggest that altered B-cell cytokine production plays an im-
portant role in initiating or promoting IR/T2D. Published analyses
further support a role for B cells in IR and include studies of
B cell–null New Zealand Obese (NZO) mice, which, in contrast
to B cell–sufficient NZOs, fail to develop IR in response to obesity
(7). These findings have been recently reproduced in studies
showing obese B cell–null or B cell–depleted mice have less in-
flammation and IR than obese WT mice (8). Interestingly, T-cell
cytokine production is decreased in obese B cell–null mouse adi-
pose tissue (AT) (8), which raises the possibility that, in addition
to production of a proinflammatory cytokine profile, B cells may
function in IR by regulating the T cell–mediated inflammation
known to drive disease pathogenesis (9, 10). We identified a

proinflammatory T-cell ratio [defined by increased Th17 cells
plus decreased regulatory T cells (Tregs)] in T2D patients that
mirrors findings in obese mice (10–13). However, the likelihood
that obesity-associated B-cell changes dictate T-cell function in
human T2D is untested.
To test the possibility that B cells promote metabolic disease by

supporting T cell–mediated inflammation and thus IR, we com-
pared lymphocyte function, inflammation, and metabolic out-
comes in obese WT and B cell–null mice. Data herein show B cells
from obese mice, like those from T2D humans, secrete a proin-
flammatory cytokine profile, including a defect in the ability to
produce anti-inflammatory anti-IR IL-10 (14). Furthermore, B cell–
null mice are protected from pathogenic outcomes of obesity and
inflammation, consistent with our demonstration that obese B cell–
null mice have an increased percentage of anti-inflammatory Tregs.
We tested the significance of this finding with human lymphocyte
analyses in vitro, which demonstrated that human B cells, but
not monocyte/macrophages, promote T2D-associated T-cell in-
flammation through a contact-dependent mechanism. Taken to-
gether, our data identify functional similarities between obese/IR
mouse and human immune cells and demonstrate that B cells in-
crease inflammation in obesity through two pathways: regulation of
an inflammatory T-cell ratio and production of a proinflammatory
cytokine profile.

Results
B Cells from Obese Mice Secrete a Proinflammatory Cytokine Profile.
B cells have been proposed to promote obesity-associated met-
abolic disease through their ability to infiltrate the expanding AT
and to produce autoimmune prodiabetogenic IgG (8, 15). Our
studies support the originally published analysis of early B-cell
infiltration into murine epididymal AT in response to a high-fat
diet (HFD; Fig. S1A) (8, 15). However, autoimmune IgGs were
extremely low/absent in sera from obese mice, as measured by
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antinuclear antibody assay, a clinical indicator of autoimmune
antibodies (Fig. S1B). These data question the importance of
a common class of autoantibodies in IR and raise the alternative
possibility that the proinflammatory changes in B-cell cytokines
reported in human T2D (2) play roles in individuals that lack
autoantibodies yet have IR-associated inflammation.
To test the possibility that B cells from obese mice produce a

proinflammatory cytokine profile that recapitulates the elevated
IL-8 and dramatically decreased IL-10 from T2D patients’ B cells
(2), we stimulated total splenocytes from obese or lean mice and
then assayed cytokine secretion. Splenocytes from obese compared
with lean mice secreted higher amounts of generally inflammatory
IL-6 and IFN-γ and lower amounts of anti-inflammatory IL-10
in response to multiple stimuli (Fig. 1A). Splenocytes from obese
mice also secreted less IL-5 (Fig. S2A), consistent with the dem-
onstration of a lower percentage of IL-5–producing Th2 cells and
the role of IL-5 in improving glucose tolerance (9, 16).
To determine whether obesity-associated changes in splenocyte

cytokine profiles reflect changes in B cells, we measured cytokine
production in splenic B cells (Fig. S2B). Purified B cells, and spe-
cifically follicular B cells (rather than marginal zone), secreted higher
amounts of IL-6 and lower amounts of IL-10 in response to multiple
stimuli (Fig. 1B; Figs. S3 and S4). Additionally, LPS-stimulated B
cells from obese vs. lean mice secreted higher amounts of macro-
phage inflammatory 2 alpha (MIP-2) (Fig. S2C), a murine ortholog
of human IL-8. We conclude the proinflammatory B-cell cytokine
profile in obese mice mirrors that in T2D subjects (2). Thus, B cells
contribute to chronic inflammation in IR/T2D by constitutively
and inducibly producing a proinflammatory cytokine profile.

B Cells Promote Adipocyte Hypertrophy, Hyperglycemia, and Insulin
Resistance in Obesity. To test the possibility that proinflammatory
responses of B cells to obesity promote disease, we measured

metabolic parameters in obese WT and B cell–null (μMT) mice.
μMT mice lack all pre- and mature B cells and plasma cells, as
previously described (17). WT and μMT mice gain similar amounts
of weight on a HFD (Fig. 2A). These data indicate that HFD-
associated differences between WT and μMT mice in the present
study are independent of weight. However, both epididymal and
s.c. (subcutaneous inguinal) AT adipocytes were significantly
smaller in obese μMT compared with obese WT mice (means
were 15% and 40% larger in WT, respectively; Fig. 2B; Fig.
S5A). Coincidentally, adipocyte numbers were significantly
greater in both epididymal and s.c. AT from μMT mice (Fig.
S5B). Whole AT explants from obese μMT mice secreted lower
amounts of the proinflammatory adipokine leptin, consistent
with the lower serum leptin concentrations in μMT mice (Fig. 2
C and D). Furthermore, attenuated inflammation in epididymal
AT of μMT mice was shown by the relative absence of staining for
the macrophage marker F4/80, decreased expression of proin-
flammatory macrophage genes (F4/80, CD11c, and CCR2), and
increased expression of noninflammatory tissue remodeling mac-
rophage genes (Arg1 and Ym1; Fig. S5 C and D). Despite similar
whole body adiposity and lean mass, epididymal AT and the
pericardial fat pad weighed less in obese μMT than in WT mice
(Fig. S5 E and F). However, serum-free fatty acids, serum tri-
glycerides, hepatosteatosis, and respiratory exchange ratio (a
measure of whole body fatty acid oxidation) were similar in obese
μMT and WT mice (Fig. S5 G and H), suggesting no differences
in overall lipid metabolism between the two strains. Taken
together, our data indicate that B cells do not alter total AT
accretion in obesity but do promote development of unhealthy
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Fig. 1. B cells secrete a proinflammatory cytokine profile in response to
obesity. (A) Cytokine production by total splenocytes from lean (low-fat
diet–fed) or obese (high-fat diet–fed) mice with cells stimulated as indicated.
LPS, purified Escherichia coli lipopolysaccharide (TLR4 ligand); Pam3,
Pam3CSK4 (TLR2 ligand); BCR, anti-IgM; CD40, α-CD40 antibody. (B) Cytokine
production by purified splenic B cells from lean and obese mice with cells
stimulated as indicated. n = 6–8 per group. Bars show mean and SEM. Sig-
nificantly different groups are indicated by *P < 0.05 in comparison of obese
and lean group for the same treatment; #P < 0.05, ##P < 0.01, stimulated
compared with respective unstimulated (media) control with the same diet
group, calculated by two-way ANOVA.
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Fig. 2. Absence of B cells associates with protection from adipose tissue
(AT) hypertrophy, insulin resistance, and impaired fasting glucose. (A)
Weight gain in lean WT mice (black triangle); lean B cell–null μMT mice
(gray triangle); obese WT mice (black circle); obese μMT mice (gray circle).
Error bars are obscured by symbols at most points. All lean mice were fed
a low-fat diet (LFD), and all obese mice were fed a high-fat diet (HFD).
(B) Cell size distribution (by analysis of H&E-stained slides) of epididymal
AT adipocytes as indicated. On average, adipocytes were 15% smaller in
μMT compared with WT tissue. (C) Leptin secretion from ex vivo epididymal
AT organ cultures or (D) in 6-h fasting serum. B–D are results from 16-wk
HFD/obese mouse samples. (E) Six-hour fasting blood glucose in obese (cir-
cles) or lean (triangles) WT (black) or μMT (gray) mice at 15 wk of diet. (F)
Insulin tolerance tests (ITTs) of obese WT (black) and μMT (gray) mice after
10 wk on HFD (circles) or LFD (triangles). Analysis after 15-wk HFD feeding
gave similar results. Shown are absolute blood glucose levels. n = 6–8 for
each panel, and when appropriate, mean and SEM are shown. *WT and μMT
data are significantly different (P < 0.05) by Student t test (C–E) or two-way
repeated measures ANOVA (F). In F, area under the curve analysis confirmed
differences (P < 0.05).
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fat characterized by fewer and larger adipocytes, coincident with
increased leptin and the presence of proinflammatory macrophages
in epididymal AT.
To further examine the metabolic repercussions of proinflam-

matory B-cell functions in obesity, we measured fasting serum
glucose and performed i.p. insulin and glucose tolerance tests (ITT
and GTT, respectively). As expected, 15 wk of HFD increased
fasting glucose in WT mice. In contrast, serum glucose was un-
changed in obese μMTmice (Fig. 2E), coincident with lower fasting
serum insulin (5.2 ng/mL in μMT vs. 7.6 ng/mL in WT; P < 0.05).
These results suggest enhanced whole body insulin action in obese
μMT vs. WT mice, a possibility confirmed by ITT (Fig. 2F).
Glucose tolerance was improved in μMTmice independent of diet
(Fig. S5I). Circulating total adiponectin was unchanged by obesity
in μMT mice in contrast to decreased total adiponectin in obese
vs. lean WT mice. However, circulating high-molecular-weight
adiponectin was comparable in the two strains (Fig. S5J). Over-
all, these data support the conclusion that B cells promote hy-
pertrophic obesity, dysregulated glucose–insulin homeostasis,
and AT inflammation in obesity, but may restrain adipocyte
hyperplasia.

B Cells Promote Systemic and T Cell–Mediated Inflammation in Obese/
IR Mice. To test the possibility that B cells associate with systemic
inflammation in obesity, we quantified serum cytokines in obese/IR
WT and μMT mice. Serum proinflammatory cytokines were uni-
formly higher in obese vs. lean mice (Fig. 3A), and multiple
proinflammatory cytokines including IL-6, TNF-α, and MCP-1 were
higher in obese WT compared with obese μMT sera (Fig. 3A).
Thus, B cells promote systemic inflammation in obesity.
Demonstrations that B cells directly regulate T cells (18) raise

the possibility that B cells control systemic inflammation in obesity

through their ability to direct T-cell function, either dependent or
independent of their contribution to a proinflammatory cytokine
profile. To test this possibility, we stimulated splenocytes from
obese WT and μMT mice with T cell–specific stimuli and mea-
sured cytokine production. T-cell activation with α-CD3/α-CD28
elicited higher amounts of inflammatory cytokines in WT than in
μMT splenocytes (Fig. 3B; IL-6, IL-17, KC, and TNF-α). In con-
trast, the Th2-associated cytokine IL-4, which generally counters
proinflammatory T cells and supports anti-IR M2 macrophages
(19, 20), was not increased in WT compared with μMT spleno-
cytes (Fig. 3B). These data indicate B cells support proinflammatory
T cells and thus IR in obesity.
B cells also regulate IR-protective Tregs (21, 22); therefore,

we tested the possibility that obesity-associated changes in B-cell
function are related to the decrease in Tregs that characterizes
obese WT mice (10). Surprisingly, analysis of multiple tissues
(spleen, blood, s.c. AT) showed obese μMT mice had universally
higher percentages of Tregs (identified per Fig. S6) compared with
lean μMT mice (Fig. 3 C and D). This result sharply contrasted
with the Treg decrease in obese compared with lean WT mice
(Fig. 3C). Importantly, the lower percentages of Tregs in lean
μMT mice compared with lean WT mice do not predispose lean
mice to increased obesity or systemic inflammation (Figs. 2A and
3A). These data concur with gene expression analysis of epididymal
AT from obese μMT mice, which showed higher expression of the
Treg signature gene Foxp3, lower expression of proinflammatory
T-cell genes including IFNγ, IL-17A, and IL-17F, and lower ex-
pression of the Th17 survival cytokine IL-23 (Fig. 3E). CD8
expression was also lower in epididymal AT of obese μMT mice
(Fig. 3E), consistent with immunohistochemical analysis showing
less CD8 protein in epididymal AT of obese μMT mice (Fig. S7).
As previously demonstrated, CD8 (but not CD4) staining
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Fig. 3. Absence of B cells associates with lower systemic inflammation and an increased percentage of regulatory T cells (Tregs) in response to obesity.
(A) Serum cytokines in lean and obese WT and μMT mice as indicated. (B) Cytokines in supernatants from total splenocytes prepared from obese WT and
μMT mice and cultured for 40 h either unstimulated (media) or stimulated with α-CD3/α-CD28. For A and B, *μMT are significantly different from WT (P <
0.05); #significant difference between stimulated and unstimulated (P < 0.05). Differences were determined by two-way ANOVA. In μMT mice, increases in
T-cell percentages compensate for lack of B cells, indicating that T-cell cytokine production in μMT mice is much lower than shown when calculated on a
“per cell” basis. (C) Flow cytometric analysis of Tregs from spleen of the indicated mice. Tregs were identified as CD3+CD4+CD25+Foxp3+ with gating strategy
shown in Fig. S6. *Difference (P < 0.05) between WT and μMT mice under same diet conditions; #difference between lean and obese mice of same genotype.
(D) Treg analysis from lean (white) or obese (gray) μMT mice from indicated tissues. P values for differences calculated by a two-tailed Student t test are
as shown. (E) Relative mRNA expression of the indicated T cell–associated or (F) pro-/anti-inflammatory genes in epididymal AT from obese WT (white) or
μMT (gray) mice. *Difference (P < 0.05) between WT and μMT as determined by a two-tailed Student t test. n = 6–8 for all panels.

DeFuria et al. PNAS | March 26, 2013 | vol. 110 | no. 13 | 5135

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215840110/-/DCSupplemental/pnas.201215840SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215840110/-/DCSupplemental/pnas.201215840SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215840110/-/DCSupplemental/pnas.201215840SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215840110/-/DCSupplemental/pnas.201215840SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215840110/-/DCSupplemental/pnas.201215840SI.pdf?targetid=nameddest=SF6


associated with macrophage rich crown-like structures in all AT
samples (23). Importantly, inducible T cell costimulator (ICOS,
CD278), a marker of Treg function (24), was similarly expressed
on Tregs from lean and obese WT spleen (Fig. S8), consistent
with similar ICOS gene expression in epididymal AT from obese
μMT and WT mice (Fig. 3E). Thus, decreased Treg pro-
portions, rather than function, characterize obesity. Analysis
of T-cell signature genes and cytokines mirrored the general
decrease in proinflammatory cytokine expression (TNF-α, IL-1β,
and IL-6) and increase in anti-inflammatory cytokine expression
(IL-10 and IL-13) by epididymal AT from obese μMT compared
with obese WT mice (Fig. 3F). Taken together, our findings
indicate that B cells promote a proinflammatory T-cell ratio in
obesity, characterized by the same increased Th17/Th1 function
and decreased Treg percentages we identified in T2D patients (11).

Human B Cells, but Not Monocytes, Support Proinflammatory T Cells
in T2D. To confirm that B cells promote a proinflammatory T-cell
ratio in obesity and test the relevance of B cells to human disease,
we stimulated purified T cells from T2D and body mass index
(BMI)-matched nondiabetic subjects (Table S1) in the presence
of purified B cells and/or monocytes. Fig. S9 shows evidence of
cell purity by flow cytometric analysis of lineage-specific markers.
T-cell stimulation in the presence of monocytes and B cells (MBT)
qualitatively recapitulated the T2D-associated T-cell inflamma-
tion, in this case IL-17 production, measured in peripheral blood
mononuclear cells (PBMCs; Fig. 4A). Importantly, Fig. 4A con-
firms our previous demonstration that highly purified T cells (T)
from T2D subjects fail to produce disease-associated amounts of
IL-17 (11). Importantly, only CD3+CD4+ T cells (i.e., bona fide
Th17s) produce IL-17 under these conditions (11). We conclude
that interaction between T cells and B cells and/or monocytes
drives T2D-associated proinflammatory Th17 function in humans.
To identify more definitively the cell(s) required for T2D-

associated Th17 function, we stimulated T cells in the presence of
purified B cells. B-cell–T-cell cocultures recapitulate T2D-specific
Th17 function as measured by IL-17 (Fig. 4B, BT), although IL-17
concentrations in BT cocultures were quantitatively lower than
in MBT cultures. Furthermore, T-cell stimulation in the context
of B cell–depleted (CD19−) PBMCs showed that removal of

B cells resulted in a decrease of T2D-associated Th17 function
(Fig. 4C, CD19−), which approximated IL-17 production by MBT
cultures from non-T2D samples. Parallel analysis of mouse sple-
nocytes showed B-cell depletion decreased inflammatory cytokine
production (IL-6 and IFN-γ) in response to T-cell stimulation
(Fig. S10), although it remains possible that removal of cytokine-
secreting B cells partially explains these changes. In contrast,
IL-10 was reduced only on B-cell depletion of splenocytes from
lean mice (Fig. S10). This result is consistent with B cells as
significant sources of IL-10 in lean, but not obese/IR, mice and
humans (Fig. 1B) (2).
Lower B-cell IL-10 in obesity/IR may be confounded by the lack

of inflammatory T-cell responsiveness to IL-10. To test the pos-
sibility that T2D-associated changes in T-cell IL-10 response re-
inforce proinflammatory B-cell function, we stimulated T cells in
the context of B cell (CD19)–depleted PBMCs and in the presence
or absence of IL-10. IL-10 significantly decreased IL-17 amounts
in all samples (Fig. 4C). We conclude that T2D-associated T-cell
inflammation may arise, at least in part, because of decreased
B-cell IL-10 in the absence of defective IL-10 response. Taken
together, data from both human and murine studies show that
B cells support proinflammatory T-cell function in IR/T2D and
that obesity-associated B cell–intrinsic changes, including de-
creased IL-10 production, likely play dominant roles in disease-
associated T-cell function.
B-cell support of proinflammatory Th17 function in T2D (Fig.

4 A and B) does not address the possibility that monocytes/
macrophages, the first immune cell type implicated in IR (25, 26),
also control T-cell inflammation in obesity. We therefore measured
Th17 function (i.e., IL-17 concentrations) in cocultures of purified
monocytes and T cells (MT). MT cultures produce similar amounts
of IL-17 regardless of whether cells are purified from non-T2D
or T2D subjects (Fig. 4D). These data are consistent with disease-
independent IL-17 production by B cell–depleted PBMCs, which
allow MT interaction (Fig. 4C, CD19−). Taken together with
higher IL-17 production in response to T-cell stimulation of WT
compared with μMT murine splenocytes (Fig. 3B) and results of
the human MBT and BT cocultures, the data strongly support
the conclusion that B cells, rather than monocytes, directly pro-
mote T2D-associated elevated proinflammatory Th17 function.
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Fig. 4. Human B cells, but not monocytes, support T2D-associated Th17 function and thus inflammation. (A) Supernatants from PBMCs (Left); cocultured
monocytes, B cells, and T cells (M, B, and T, respectively; Center); or purified CD4+ T cells (T; Right) stimulated as indicated and assayed for IL-17 by ELISA.
(B) IL-17 in supernatants from MBT (Left; regraphed from A) or BT cocultures of cells purified from non-T2D or T2D subjects and then stimulated as indicated.
(C) IL-17 in supernatants from MBT cocultures (Left; regraphed from A), B cell–depleted PBMCs (Center; CD19−), or B cell–depleted PBMCs with recombinant
IL-10 supplementation (Right; CD19−+IL-10). (D) IL-17 in supernatants from MBT (Left; regraphed from A) or MT cocultures of cells from non-T2D or T2D
subjects. (E) IL-17 production by MT cultures in the presence of B cells (MBT) or in the presence of B cells physically separated from MT cells by a cytokine-
permeable, cell-impermable transwell membrane (MT/B). MBT and MT/B cultures in E used a subset of the samples analyzed in A–C. For all panels, *difference
(P < 0.05) between T2D (white bars) and non-T2D (black bars) under the same treatment condition; †difference between purified T cells and both MBT and
PBMC results (A); @difference between MBT and BT (B) or CD19−+/− IL-10 PBMCs (C) or MT/B (E) within non-T2D or T2D cohort; $CD19−+/− IL-10 PBMCs results
differ within non-T2D or T2D cohort (C). All differences were calculated by three-way ANOVA. IL-17 in all stimulated cultures was elevated compared with
relevant unstimulated (media) controls. N for each culture type is indicated below x axis. Differences in MT cocultures from non-T2D and T2D subjects were
insignificant (NS; D).
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These data thus complement the demonstration that B cells reg-
ulate Treg expansion in obesity in vivo (Fig. 3D) to support the
overall conclusion that B cells are master regulators of T2D-
associated T-cell inflammation.
To further detail mechanisms underlying B cell–mediated T-cell

inflammation in T2D, we tested the possibility that contact, or at
a minimum close approximation, of B and T cells is required for
B cells to support T cell–mediated inflammation. We compared
Th17 function in MTB cultures to cultures that separated B cells
from MT cocultures by a cytokine-permeable transwell membrane
(1-μm pore size). Loss of B-cell contact prevented T2D-associated
elevation of Th17 function (Fig. 4E, MT/B), suggesting that B-cell
cytokines alone are insufficient to support proinflammatory T-cell
function. Experiments with blocking antibody demonstrated that
CD80/86 and CD28 were not required for B cell–mediated Th17
function in T2D. Overall, our data indicate that multiple mech-
anisms, including cellular contact and decreased IL-10 production,
explain the ability of B cells to promote T cell–mediated inflam-
mation in T2D.

Discussion
Multiple lines of evidence herein that focus on functional similar-
ities between lymphocytes from obese/IR mice and T2D patients
support the conclusion that B cells promote inflammation in obe-
sity through multiple mechanisms. First, B cells produce a proin-
flammatory cytokine profile. Identification of decreased B-cell
IL-10 in obesity justifies future studies that will test the possibility
that IL-10+ B cells play critical roles in metabolic disease etiology,
as shown for other Th1/Th17-mediated diseases (3, 4, 27–29).
Second, B cells support a disease-associated proinflammatory
T-cell ratio as shown by both in vivo and in vitro mouse studies,
complemented by ex vivo human immune cell analyses. B cells
can also promote hypertrophic obesity, which, in contrast to hy-
perplastic obesity (due to increased adipocyte number), promotes
AT and systemic inflammation and deleterious changes in glucose–
insulin homeostasis (30). More work is needed to attribute these
whole body effects specifically to proinflammatory B-cell cytokines,
T cell–mediated outcomes of altered B-cell function, or both.
Recent work shows lack of B cells alters innate immune responses
and lipid absorption in the intestine (31), which may also underlie
metabolic differences between obese μMT and WT mice. Taken
together, cross-species and tissue-independent similarities in B cells
indicate that our focus on changes in B-cell function overcomes the
practical limitations of low lymphocyte numbers (32) and depot
heterogeneity of mouse and human AT. Thus, our findings address
different translational questions than studies that emphasize, for
example, AT depot–associated differences in lymphocytes (10).
Theoretical concerns over idiosyncrasies of the B cell–null μMT

model are alleviated by data demonstrating that outcomes from
μMT systemic and spleen analyses are largely consistent with
published mouse data (8). Differences between our mouse work
and the previously published work are likely because of analysis
after different weeks on HFD and the general increase in IR on
HFD feeding. The strength of our model is also indicated by
similar outcomes from analyses of spleen, blood, and AT from
obese μMT mice and by demonstrations that murine analyses both
reflect and predict outcomes from T2D patient blood and human
AT (1). For example, the greater than twofold higher amounts
of the Th17 signature cytokine IL-17 in splenocytes from obese
WT mice compared with obese μMT mice is quantitatively sim-
ilar to elevated IL-17 secretion by Th17 cells from T2D patient
blood (11). Importantly, the demonstration that lower baseline
percentage of Tregs in lean μMT compared with WT mice does
not associate with elevated spontaneous inflammation lessens con-
cern that clinical B-cell depletion may inadvertently trigger proin-
flammatory T cells in some patients. Finally, our focus on function
highlights robust changes that should shift emphasis toward clinical

management of B cells as a fundamentally new approach to regu-
late T cell–mediated and more general inflammation in IR/T2D.
Our data show that T cells from T2D subjects respond to

IL-10 by decreasing IL-17 production, but a more comprehensive
assessment will be required to demonstrate definitively that
T2D-associated proinflammatory T cells are relatively “normal”
in isolation and absolutely require cell-extrinsic influences (such
as those provided by B cells) to hypersecrete pathogenic proin-
flammatory cytokines. Importantly, many of our studies show that
B cells regulate T cells in the absence of exogenous B-cell stimu-
lation (i.e., in cultures stimulated only with T-cell activators). These
results suggest the presence of a positive feed-forward loop be-
tween T cells and B cells. Preliminary analyses indicate stimuli that
directly activate B-cell cytokine production only modestly elevate
Th17 function in the absence of T-cell stimulation in samples from
T2D patients, indicating that cross-talk between B and T cells is
vital to these functional outcomes. Whether or not B-cell cytokines
also regulate anti-inflammatory Treg numbers/function cannot
be tested with in vitro cultures, given that the Treg marker Foxp3
is indiscriminately increased by T-cell stimulation. Regardless,
our work supports a role for obesity-associated B-cell function in
regulation of all helper (CD4+) T-cell subsets (Th1, Th2, Th17,
and Tregs) currently linked to IR (9–11, 33) and is distinct from
previous analysis that suggested pathogenic B-cell autoantibodies
cause IR (8). Importantly, balance among T-cell subsets, as in-
dicated by percentages of CD4+ T cells in our work, is at least as
critical an indicator of net inflammatory state as cell numbers,
which are difficult to quantify with great accuracy in flow analyses,
especially for relatively rare AT lymphocytes.
Our work convincingly demonstrates that B cells critically

regulate proinflammatory T-cell function in a disease-associated
mechanism. Our findings are therefore consistent with demon-
strations that B-cell depletion in lupus or rheumatoid arthritis
patients dramatically decreases T-cell inflammation, including
Th17 function (34, 35). Our data also indicate myeloid cells play
supportive, albeit disease-independent, roles in overall levels of
T-cell inflammation. Monocytes from both non-T2D and T2D
subjects increase IL-17 secretion to about fivefold over baseline
levels produced by purified T cells. These human data are con-
sistent with work showing obesity-associated AT macrophages
support inflammatory T-cell function in mice (36), although this
study did not directly test the ability of macrophages from lean
mice to support inflammatory T cells as did our work. Impor-
tantly, our human monocyte data significantly extend published
data showing that dendritic cells promote Th17 function in obese
mice (37). Although the monocyte–T-cell coculture data highlight
disease-independent effects of monocytes on T cells, it remains
possible that elevated monocyte cytokines in T2D (11) influence
disease-associated T-cell function. Our data therefore suggest it
may be possible to moderate T-cell inflammation in T2D by al-
ternatively attacking the “on/off switch” provided by B cells or
the “rheostat” function of monocytes to counter inflammation-
associated IR. These findings emphasize the overall promise offered
by an increased understanding of immune cell cross-talk in IR/T2D,
which will likely identify mechanisms that may be exploited to in-
terrupt the feed-forward cycle of inflammation and alleviate T2D.

Materials and Methods
Whole Animal and Intact Tissue Studies.All procedures were approved by the
Boston University Medical Center Institutional Animal Care and Use Com-
mittee. Studies used male C57BL/6J background mice, and standard protocols
are described in SI Materials and Methods.

Human Subjects. The Boston University Medical Center Institutional Review
Board approved all procedures in accordance with the Declaration of Hel-
sinki, and samples were obtained following informed consent. T2D and BMI-
matched non-T2D patients were recruited from the Center for Endocri-
nology, Diabetes and Nutrition at Boston University Medical Center/
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Boston Medical Center. Selection criteria are listed in SI Materials and
Methods. Characteristics of all subjects are shown in Table S1.

Immune Cell Preparation/Culture. Peripheral blood (50–100 mL) was collected
into heparinized tubes by venous puncture, and cells were purified, cultured,
stimulated, and harvested as previously described (2, 11). CD19− PBMCs were
prepared by removing CD19+ B cells with positively selecting magnetic beads
(Miltenyi) and were confirmed to be B cell depleted by flow analysis for
CD19+ cells. Immune cells from mouse s.c. (inguinal) AT were released by
manually teasing tissue between two bent needles, which did not activate
immune cells (indicated by CD69 surface staining). Whole mouse splenocytes
were prepared by manual teasing and red blood cell lysis, and then CD19+

B cells were purified by negatively selecting magnetic beads (Miltenyi) and
cultured as described for human cells. All lymphocyte and monocyte prep-
arations were ≥95% and ≥92% pure, respectively, and incubated at 1 million
cells/mL. Purified B cells were harvested after 24 h of stimulation. All T cell–
containing cultures were harvested after 40 h. Human IL-10 was added to
some cultures at high physiological concentrations (2 ng/mL).

Biochemistry. Epididymal ATmRNAwas quantified as previously described (38),
using primers specific for CD19 (forward: 5′CCCTGTATCTCTGGCTCTGC; reverse:
5′GGGCACATACAGGCTTTGTT) with cyclophilin B as a normalization control.

ELISA was used to quantify leptin, MIP-2, adiponectin, and human IL-17. All
additional cytokines were quantified by multiplex protein assays (Invitrogen).

Flow Cytometry. Mouse blood for flow analysis was collected by heart
puncture and added to an equal volume of PBS/50 mM EDTA buffer; spleen
and s.c. AT were manually dissociated. Red blood cells were lysed before
antibody-mediated staining. Staining strategies are listed in SI Materials and
Methods. Cells were washed twice with FACS buffer (PBS with 0.5% BSA and
2 mM EDTA) after staining and then analyzed on a LSR-II Flow Cytometer
(BD Biosciences). FlowJo software (version 8.7; Tree Star) was used for final
data analyses. Titration of each reagent and “fluorescence minus one” controls
(39) were performed to optimize panels.
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