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Abstract
Aims/hypothesis Understanding cellular and molecular events
in diabetes mellitus will identify new approaches for therapy.
Immune system cells are important modulators of chronic
inflammation in diabetes mellitus, but the role of B cells is not
adequately studied. The aim of this work was to define the
function of B cells in diabetes mellitus patients through focus
on B cell responses to pattern recognition receptors.
Methods We measured expression and function of Toll-like
receptors (TLRs) on peripheral blood B cells from diabetes
mellitus patients by flow cytometry and multiplexed
cytokine analysis. We similarly analysed B cells from
non-diabetic donors and periodontal disease patients as
comparative cohorts.

Results B cells from diabetes mellitus patients secrete multiple
pro-inflammatory cytokines, and IL-8 production is signifi-
cantly elevated in B cells from diabetic patients compared
with those from non-diabetic individuals. These data, plus
modest elevation of TLR surface expression, suggest B cell
IL-8 hyperproduction is a cytokine-specific outcome of altered
TLR function in B cells from diabetes mellitus patients. Altered
TLR function is further evidenced by demonstration of an
unexpected, albeit modest ‘anti-inflammatory’ function for
TLR4. Importantly, B cells from diabetes mellitus patients fail
to secrete IL-10, an anti-inflammatory cytokine implicated in
inflammatory disease resolution, under a variety of TLR-
stimulating conditions. Comparative analyses of B cells from
patients with a second chronic inflammatory disease, periodon-
tal disease, indicated that some alterations in B cell TLR
function associate specifically with diabetes mellitus.
Conclusions/interpretation Altered TLR function in B cells
from diabetes mellitus patients increases inflammation by
two mechanisms: elevation of pro-inflammatory IL-8 and
lack of anti-inflammatory/protective IL-10 production.
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Abbreviations
CRP C-reactive protein
GM-CSF Granulocyte/macrophage colony stimulating

factor
LPS Lipopolysaccharide
MFI Mean fluorescence intensity
ND Non-diabetic
ODN Oligodeoxynucleotide
Pam3 Pam3CSK4
PD Periodontal disease
rLPS Rhodobacter sphaeroides lipopolysaccharide
TLR Toll-like receptor
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Introduction

Chronic inflammation characterises a wide range of
disorders, including diabetes mellitus, and associates with
diabetes mellitus aetiology and co-morbidities such as
cardiovascular disease [1–3]. Inflammation and insulin
resistance in diabetes mellitus patients is thought to stem,
at least in part, from an ongoing immune response to
ligands that include endogenous NEFAs and endotoxin
[4–6].

Cells of the innate immune system sense many endogenous
ligands and bacterial products through Toll-like receptors
(TLRs). TLRs play important roles in diabetes mellitus, as
shown both in humans and in animal models of diabetes
mellitus. For example, mice with an inactive Tlr4 gene were
significantly less prone to diet-induced insulin resistance [7,
8]. Likewise, inhibition of TLR2 function in mice exposed to
a high-fat diet led to improved insulin sensitivity and
decreased activation of pro-inflammatory pathways [9].
Furthermore, polymorphisms in TLRs and in members of
TLR-downstream signalling pathways that encode hyper-
or hypoactive responses predict the development of type 1
and type 2 diabetes [10–12]. Overall, these studies support
the idea that TLR2 and TLR4 activities promote diabetes
mellitus. It is generally assumed that cells of the myeloid
lineage are predominantly responsible for the demonstrated
effect of TLRs in diabetes mellitus. However, B cell TLRs
have also been recognised as important mediators of innate
immune responses in inflammatory diseases [13, 14].

Human B cells express multiple TLRs and can produce
both pro- and anti-inflammatory cytokines in response to
TLR ligands [15–18]. The most commonly studied B cell
TLR is TLR9, which mediates B cell response to CpG.
B cells from healthy humans, in contrast to mice, generally
express little to no surface TLR2 and TLR4 [15, 16, 19,
20]. However, our recent work demonstrated that B cells
from chronic inflammatory disease patients, specifically
periodontal disease (PD) patients, have elevated responses
to TLR2 and TLR4 ligands compared with B cells from
healthy donors [13, 19]. These studies also showed that
cross-talk between TLRs differentially regulates cytokine
production by B cells from patients compared with healthy
donors. Overall, this work highlighted the complexity and
elegant specificity of the B cell response to TLR ligands,
and suggested that B cell TLR expression and downstream
cytokine production influences the overall milieu in chronic
inflammation. Our studies introduced B cell TLRs and
TLR-downstream cytokine production as potential players
in chronic non-autoimmune inflammatory disease for the
first time. Based on high incidence of PD in diabetes
mellitus patients, these studies raised the possibility that
B cells may also play roles in the systemic inflammation
characterising diabetes mellitus.

The B cell cytokine most commonly implicated in
chronic inflammatory diseases is IL-10. IL-10 is generally
an anti-inflammatory cytokine that promotes inflammation
resolution. B cell IL-10 has specifically been implicated in
inflammatory autoimmune diseases characterised by B cell
dysfunction. For example, B cells from multiple sclerosis
(MS) patients secrete lower levels of IL-10 than B cells
from healthy donors, and secretion increases in patients
treated palliatively with mitoxantrone. These data suggest
that B cell IL-10 production decreases clinical symptoms
[21]. IL-10-secreting B cells from healthy donors, but not
lupus patients, also block Th1 differentiation [22]. Further-
more, B cell IL-10 is critical for recovery from arthritis and
a mouse version of MS (experimental autoimmune enceph-
alitis [23, 24]). Finally, genetic studies have linked elevated
IL-10 levels to protection from metabolic syndrome and
diabetes mellitus in humans [25], and thus indicate IL-10
can protect against a wide array of chronic inflammatory
diseases. Importantly, recent studies demonstrated that B
cells specifically require TLRs to produce the IL-10 that
blocks T cell-mediated inflammation [26]. Whether similar
B cell TLR responses regulate IL-10 production by B cells
from diabetes mellitus patients is untested.

Differences between TLR expression and function in
B cells from chronic inflammatory disease patients [13, 27]
led us to question how B cell TLRs function in diabetes
mellitus patients. We demonstrate that TLR ligands activate
B cell cytokine production, most significantly IL-8, in
diabetes mellitus vs non-diabetic (ND) donors. Pro-
inflammatory cytokine production is likely to be physio-
logically bolstered by the complete inability of B cells
from diabetes mellitus patients to upregulate IL-10
secretion in response to TLR ligands. Surprisingly, the
B cell response to combinations of TLR ligands uncovered
further disease-associated changes in TLR function. These
results indicate that altered TLR function rather than
surface expression levels regulate the B cell contribution
to diabetes mellitus. The unexpected anti-inflammatory
function of TLR4 coupled with signatures more charac-
teristic of pro-inflammatory cells indicates that fundamen-
tal alterations in B cell responses play complex, overall
pro-inflammatory roles in systemic inflammation in
diabetes mellitus.

Methods

Cells Human samples were obtained after informed consent
under a protocol approved by the Boston University
Institutional Review Board and conducted in accordance
with the Declaration of Helsinki. We analysed cells from a
cross-sectional group of diabetes mellitus patients recruited
from the Center for Endocrinology, Diabetes and Nutrition
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at Boston Medical Center. The cohort excluded individ-
uals with common infections ≤2 weeks prior to donation
or those with non-diabetes mellitus related inflammatory
or auto-immune disease. Diabetes mellitus patients were
defined as: (1) under the care of a Center for Diabetes
provider; (2) on one or more diabetes medications; and
(3) having a diagnosis of diabetes on the clinical
problem list. C-reactive protein (CRP) was measured at
the time of blood draw as an established biomarker of
systemic inflammation in metabolic disease [28].
Approximately 50% of the diabetes mellitus patients
would be considered average risk and several as high risk
for cardiovascular disease, as previously defined by CRP
[29]. Peripheral blood was collected into heparinised tubes
by venous puncture and B cells were purified as published
[19]. The majority of contaminating cells in the >96%
pure B cell preparations were T cells; monocyte
contamination was undetectable. Table 1 outlines the
diabetes mellitus patients (n=11; nine with type 2
diabetes, two with type 1 diabetes but lacking autoimmune
antibodies) who provided blood B cells for cytokine
analyses. B cells were also provided by ND PD patients
who had diagnoses of localised aggressive periodontitis
[30] but no other known disease. These patients (n=14)
were recruited from the Clinical Research Center at
Boston University Medical Center (Table 2). A detailed
description of PD is published in Shin et al. [19]. Healthy
donors had no indication of metabolic disease or PD
excepting mild gingivitis (n=19; Table 2). None of the
participants smoked.

Flow cytometry For surface staining, 100 μl whole blood
(coded to avoid bias) was labelled with conjugated anti-
bodies purchased from BD Pharmingen (San Diego, CA,
USA: anti-CD3, -CD14, -CD19, -CD23, -CD27, -CD38,
-CD69, -CD77 and -RP105) or eBioscience (San Diego,
CA, USA: anti-TLR4 and isotype controls). Erythrocytes
were lysed with 2 ml 1×FACS Lysing Solution for 30 min.
Cells were washed with 0.2% (wt/vol.) BSA/PBS and fixed
with 2% (wt/vol.) paraformaldehyde, then analysed on a
FACSCaliber (BD Biosciences, San Jose, CA, USA) with
WinMDI software (J. Trotter, The Scripps Institute, Palo
Alto, CA, USA). Intracellular staining was completed on
mononuclear fractions incubated in medium or with anti-
Igμ for 24 h. Brefeldin A (eBioscience) was added at 21 h.
Cells were stained with anti-CD14 or anti-CD19 for 20 min
at 4°C, then washed with 0.2% (wt/vol.) BSA/PBS, and
treated with Fixation buffer then 1× Permeabilisation buffer
(eBioscience). Cells were then stained with anti-TNF-α,
anti-IL-10 (eBioscience) or anti-IL-8 (BD Pharmingen),
and washed with 1× Permeabilisation buffer. Resuspended
cells were analysed on a FACScan (BD Biosciences) with
CellQuest (BD Biosciences) and FloJo (Tree Star, Ashland,
OR, USA) software.

Biochemistry B cells were negatively isolated with mag-
netic beads (Miltenyi, Auburn, CA, USA) and rested (1 h
37°C) before stimulation. Cultures were 250,000 cells/
250 μl in U-bottom wells. For constitutive cytokine
production, B cells were incubated in complete medium
(RPMI, 10% [vol./vol.] heat-inactivated FCS) alone. Alter-
natively, TLR ligands, or anti-Igμ/anti-CD40 were each
added to a concentration of 1 μg/ml. TLR ligands
(Invivogen; San Diego, CA, USA) were: Pam3CSK4
(Pam3; TLR2 ligand), Rhodobacter sphaeroides lipopoly-
saccharide (LPS) (rLPS; TLR4 ligand [31]), CpG oligo-
deoxynucleotide (ODN) 2006 (TLR9 ligand) and ultrapure
E. coli LPS 0111:B4 (TLR4 ligand). Cells were stimulated
for 24 h prior to cytokine analysis with an Invitrogen
(Carlsbad, CA, USA) kit that measured IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-8, IL-10, IFN-γ, TNF-α and granulocyte/
macrophage colony stimulating factor (GM-CSF) on a
Luminex 200 machine (Luminex, Austin, TX, USA).
Chromatin accessibility by real-time PCR (CHART-PCR)
was completed as published [32].

Statistics The Mann–Whitney U test was used to compare
values between cohorts. Paired non-parametric (Wilcoxon)
t tests established significance for cytokine production by
variously stimulated B cells from the same individual.
p<0.05 established significance. Analyses were performed
on Prism (GraphPad Software, La Jolla, CA, USA). Sample
numbers varied because of the variable number of B cells
isolated per donor.

Table 1 Description of diabetes mellitus patients used for cytokine
analysis (n=11 total)

Characteristic Value

Age, years (median and range) 55 (38–72)

HbA1c, % (median and range) 8.2 (6.0–14.9)

Duration of diabetes mellitus,
years (median and range)

10 (5–32)

BMI, kg/m2 (median and range) 32.4 (17.0–43.1)

CRPa, mg/l (median and range) 9 (1–164)

Insulin usage, n=8 (percentage of total) 72.7b

Type 2 diabetes, n=9 (percentage of total) 82

Type 1 diabetes, n=2 (percentage of total) 18

Males, n=6 (percentage of total) 54.5

Race

White, n=6 (percentage of total) 54.5

African-American, n=5 (percentage of total) 45.5

a Single CRP values available for eight of 11 patients; median is within
normal range
b Insulin usage by one type 2 diabetes patient is unknown
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Results

B cells from diabetes mellitus patients constitutively secrete
IL-8 B cells are important sources of multiple cytokines in

vivo [21, 23]. We reasoned that if B cell cytokines play a
role in systemic inflammation in diabetes mellitus, fresh ex
vivo B cells from diabetes mellitus vs ND donors should
differentially produce cytokines. We analysed constitutive
cytokine production by highly purified populations of
B cells, devoid of monocytes (Fig. 1a). Additional
measures, previously described [13], ensured even small
numbers of theoretically contaminating monocytes contrib-
uted <10% of total measured cytokines in these assays.
B cells from diabetes mellitus and ND donors constitutively
secreted similar levels of GM-CSF and IL-6 (Fig. 1b). In
contrast, B cells from diabetes mellitus vs ND donors
constitutively secreted significantly lower levels of TNF-α
and the anti-inflammatory cytokine IL-10 (Fig. 1b), but
significantly higher levels of the pro-inflammatory cytokine
(and neutrophil chemokine) IL-8 (Fig. 1c). Intracellular
staining data confirmed that cytokines originated from the
CD19+ B cell population (Fig. 1d). Importantly, comparison
of intracellular cytokine staining for B cells vs monocytes
from the same individuals show that B cells from diabetes

Table 2 Description of PD and ND individuals

Characteristic PD ND

Age, years (median and range) 32 (20–38) 31 (22–52)

n 14 19a

Males, n (%) 7 (50) 9 (47)

Race, n (%)

White 2 (14.3) 6 (31.6)

African-American 11 (78.6) 8 (42.1)

Asian 1 (7.1) 0 (0)

Hispanic 1 (7.1) 1 (5.2)

Unknown 0 (0) 4 (31.6)

a Age and sex of two ND individuals are unknown

Fig. 1 Purified B cells from diabetes mellitus patients constitutively
secrete elevated levels of IL-8 and decreased levels of IL-10.
a Representative re-analysis of B cell purity (upper left quadrant) by
flow cytometry. Note monocytes were undetectable (bottom right
quadrant). b Cytokine production by B cells from ND (white bars) or
diabetes mellitus (black bars) donors incubated in medium for 24 h.
GM-CSF, TNF-α and IL-10 are quantified on the left y-axis; IL-6 is
quantified on right y-axis. c IL-8 production by B cells from ND
(white bar) or diabetes mellitus (black bar) donors incubated in
medium for 24 h. Shown is mean and SEM of the number of samples
indicated by the value immediately below each bar. Not all
supernatant fractions from all samples were assayed for every
cytokine. Significance was determined by Mann–Whitney U test and
p values that are significant in comparisons between diabetes mellitus

and ND values are shown (b †p=0.0152, ‡p=0.0017; c †p=0.0081).
d, e Intracellular cytokine staining in peripheral blood mononuclear cells
fromND (white bars) or diabetes mellitus (black bars) donors. d B cells
were identified by surface CD19 expression. e Monocytes were
identified by surface CD14 expression (absent on B cells). Shown is
mean (after subtraction of isotype control) and SD of the percentage of
cytokine-positive cells from three donors. All significant differences,
calculated by t test, are indicated (d †p=0.0398, ‡p=0.0309). The
difference in IL-10 production in panel e approached significance
(†p=0.0768). B cell intracellular TNF-α and monocyte intracellular IL-
8 were highly variable (p>0.07) and hence not definitive. d, e Donors
had a diagnosis of type 2 diabetes mellitus and included one black
female and two Hispanic males, mean age 56 years. ND donors
included two white females and one white male, mean age 47 years
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mellitus patients are uniquely defective for IL-10 produc-
tion (Fig. 1d, e). For all cytokine analyses, results from
patients with type 1 (n=2) and type 2 (n=9) diabetes were
indistinguishable (data not shown). These data support the
conclusion that B cells from diabetes mellitus patients make
a significantly different contribution to the circulating
balance of cytokines than B cells from ND donors. The
mixed anti-inflammatory (lower TNF-α production) and
pro-inflammatory (decreased IL-10 and increased IL-8 pro-
duction) signature suggests that B cells may play an
unappreciated role in the chronic inflammation of diabetes
mellitus.

A modestly elevated percentage of B cells from diabetes
mellitus patients express surface TLR4 Monocytes produce
IL-8 in response to ligands that engage TLR2 or TLR4
[13, 20]. These findings raise the possibility that constitu-
tive B cell IL-8 production (Fig. 1c) may stem from chronic
TLR engagement in vivo. However, multiple studies have

shown human B cells respond poorly to TLR2 and TLR4
ligands, probably because of low surface expression of their
receptors [16, 19, 33]. We therefore speculated diabetes
mellitus B cells constitutively secrete high levels of
IL-8 owing to elevated expression of surface TLRs that
allow increased engagement by endogenous ligands. We
first measured surface levels of TLR4 on B cells from
diabetes mellitus and ND donors in whole blood as shown
in Fig. 2a. The median percentage of TLR4-positive B cells
from the diabetes mellitus cohort (Fig. 2b, 27.1%) was
significantly higher (∼60%, p=0.024) than the median
percentage of TLR4-positive B cells from healthy individ-
uals (16.5%). The mean fluorescence intensity (MFI), an
indication of the number of cell surface TLR4 molecules,
was similar between the two cohorts (not shown). This
modest increase in the percentage of surface TLR4-positive
B cells in diabetes mellitus patients is consistent with the
demonstration that the TLR4 promoter is packaged into an
equivalently accessible chromatin structure in B cells from

Fig. 2 A modestly elevated percentage of B cells from diabetes
mellitus patients express surface TLR4. a A representative flow
cytometric analysis of TLR4 expression on the surface of B cells.
Isotype control on sample from a representative diabetes mellitus
patient is shown in the left panel. Results from TLR4 staining of a
representative ND donor and the same diabetes mellitus patient are
shown in the middle or right panels, respectively. B cells were
identified based on CD19 surface expression (y-axis). Percentage
numbers indicate the proportion of B cells that were also TLR4-
positive. b Composite data showing percentage of TLR4-positive
B cells in ND donors and diabetes mellitus patients as indicated. Each
point shows analysis of a single sample; horizontal lines show median
percentage TLR4-positive B cells for each cohort. The difference
(median=16.45% or 27.1% for B cells from ND or diabetes mellitus
donors, respectively) was significant (p<0.05). n=56 each for ND and

diabetes mellitus samples. c Accessibility of the TLR4 promoter to
2 U micrococcal nuclease in ND monocytes or B cells, or diabetes
mellitus B cells as labelled. Human Jurkat T cells are a negative
control. d Percentage TLR4-positive monocytes (left) or neutrophils
(right) in peripheral blood of ND or diabetes mellitus donors as
indicated. n=29 for ND monocytes; n=24 for diabetes mellitus
monocytes; n=31 for ND neutrophils; n=26 for diabetes mellitus
neutrophils. Horizontal lines shows medians. Differences were
insignificant. e RP105 surface expression levels as measured by MFI
on B cells from ND donors or diabetes mellitus patients. Bar shows
mean (±SD) of ten samples from each cohort. Difference was
insignificant (p>0.1). >95% of B cells in each cohort expressed
surface RP105 (not shown). Statistical significance was determined by
Mann–Whitney U test for all comparisons, except panel d, which was
analysed by ANOVA

Diabetologia (2010) 53:1461–1471 1465



diabetes mellitus and ND donors (Fig. 2c). Notably,
preliminary detailed flow cytometric analyses showed
TLR4 was globally upregulated on all circulating B cell
subsets ([33] and data not shown). Furthermore, we
detected no overall differences in the distribution of B cell
subpopulations in ND vs diabetes mellitus donors for a
standard group of human B cell surface markers (not
shown). Percentages of TLR4-positive B cells did not
correlate with age, BMI, PD or statin use in preliminary
analysis of confounding factors (not shown). Importantly,
the percentage of TLR4-expressing blood monocytes
(CD14+ cells) or neutrophils (CD14lowCD63lowMac-1high)
was similar between diabetes mellitus and ND donors
(Fig. 2d), suggesting that modestly increased percentages of
TLR4-positive B cells (Fig. 2b) was cell-type limited. Note
that the monocyte data contrast with reports showing
increased TLR4 expression on purified monocytes from
newly diagnosed patients with type 2 diabetes [34], raising
the possibility that either diabetic drugs taken by our
diabetes mellitus cohort, or activation of monocytes during
processing in the cited work may influence monocyte TLR4
levels. Regardless, B cells from diabetes mellitus and ND
donors expressed indistinguishable surface levels of RP105,
an alternative LPS receptor, as measured by MFI (Fig. 2e)
or percentage of positive cells (>95% for both cohorts, not
shown). Furthermore, our published analyses showed no
difference in the percentage of TLR2-positive B cells from
diabetes mellitus and ND donors [20]. These modest/
insignificant changes in surface TLR expression on B cells
from diabetes mellitus patients suggest that if constitutive
IL-8 production is TLR-dependent, changes in TLR

function rather than TLR expression may play a role in
diabetes mellitus inflammation.

TLR2 and TLR4 ligands regulate B cell cytokine produc-
tion To identify diabetes mellitus-associated differences in
B cell TLR function, we stimulated purified B cells from
diabetes mellitus and ND donors with model TLR ligands
and measured cytokine production. Pam3/TLR2 activation
of B cells from diabetes mellitus and ND donors showed
that diabetes mellitus B cells produced significantly
increased levels of IL-8 (Fig. 3a). The TLR-activated
IL-8 levels produced by B cells were in the same range as
levels of IL-8 production reported for monocytes [35].
B cells from diabetic patients, but not healthy donors, also
produced IL-8 in response to anti-Igμ stimulation (Fig. 3b),
indicating diabetes mellitus B cells may be abnormally
poised to produce IL-8. TLR2 ligand significantly increased
production of multiple cytokines by diabetes mellitus B
cells (Table 3), but this increase was not greater than that
observed for B cells from ND donors (Fig. 3c, d), and
increased IL-10 production (to ∼10 pg/ml) was quantita-
tively meagre. These results are consistent with published
data showing ND B cells respond modestly to TLR2
stimulation [33]. In addition, B cells from diabetes mellitus
vs ND donors responded to the TLR4 ligand rLPS by
producing elevated levels of IL-8. By contrast, B cells from
the two cohorts produced similar levels of other cytokines
tested (Fig. 3a, c, d). Under all conditions, B cells from
diabetes mellitus and ND donors produced undetectable
levels of IL-2, -4, -5 and IFN-γ (not shown), consistent
with the interpretation that T cells, the major contaminant of

Fig. 3 IL-8 is significantly increased in B cells from diabetes mellitus
patients vs ND donors responding to TLR2 ligand (Pam3). Purified
B cells from diabetes mellitus (black bars) or ND (white bars) donors
were incubated for 24 h in medium alone or with TLR4 ligand (rLPS
or E. coli LPS) or TLR2 ligand (Pam3) as indicated. Samples were
analysed for production of IL-8 (a, b), TNF-α (c), GM-CSF (d), or
cytokines indicated below the x-axis (e) in B cell responding to E. coli
LPS. Number of samples is indicated by the value immediately below
each bar. a, c, d Cytokines measured by multiplex protein analyses.
b Percentage of CD19+ B cells that were positive for intracellular
IL-8, as compared with isotype control upon stimulation with anti-Igμ.
Anti-Igμ induced low but somewhat variable levels of IL-10 and

TNF-α in B cell parallel analyses (not shown). Bars show mean and
SEM. Medium controls for panel a are shown in Fig. 1c. p values
calculated by Mann–Whitney U test are shown above bars for samples
that were significantly different (p<0.05; a †p=0.0123; ‡p=0.0381;
b †p=0.0124). All other comparisons were statistically insignificant
(p>0.05), although differences in IL-10 production in panel
e approached significance (†p=0.0635). Comparison between medium
and TLR-stimulated cytokine production indicated significant upre-
gulation for many cytokines in B cells responding to TLR ligand;
these values are shown for diabetes mellitus and ND B cell samples in
Table 3
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B cell preparations (<2%) insignificantly contributed to
TLR-induced cytokine production. Overall, these data
support the idea that elevated constitutive IL-8 production
shown for diabetes mellitus B cells in Fig. 1c could result
from in vivo hyperresponse to TLR2 and/or TLR4 ligand,
in the absence of highly elevated surface TLR expression
(Fig. 2b and Noronha et al. [20]).

To further test the possibility that IL-8 is uniquely poised for
TLR-mediated activation in diabetes mellitus B cells, we
expanded our analysis of TLR-responsive cytokines by first
measuring cytokine production in B cells responding to the
prototypic TLR4 ligand E. coli LPS. Although B cells from
diabetes mellitus donors produce significant amounts of

IL-8 in response to E. coli LPS (>2 ng/ml on average;
Fig. 3a), B cells from both diabetes mellitus and ND donors
responded similarly to E. coli LPS (Fig. 3e) as indicated by
quantification of GM-CSF, IL-1β and TNF-α production.
Note that high variability in values from ND donor
B cells prevented direct comparison with IL-8 production
by ND B cells (not shown). The overall response of all
B cells to E. coli LPS (not shown) was relatively modest (i.e.
<200 pg/ml cytokine, Fig. 3e), consistent with the general
dogma that human B cells fail to respond vigorously to this
TLR4 ligand. This lack of response is probably due to, at
least in part, the lack of the LPS delivery molecule CD14 on
the B cell surface (data not shown). Importantly, E. coli LPS
failed to activate even modest production of IL-10 by B cells
from diabetes mellitus donors, instead stimulating levels
that were lower than levels produced by ND B cells (Fig. 3e).
We conclude that diabetes mellitus-associated differences in
B cell TLR function specifically increase IL-8 production
(Fig. 3a), but are not ‘generally’ pro-inflammatory as
measured by diabetogenic cytokines such as TNF-α and
IL-1β [13]. Furthermore, the data suggest that B cells from
diabetes mellitus patients are deficient in anti-inflammatory
IL-10 production.

TLR engagement can activate B cell IL-10 production,
which is critical for inflammatory disease resolution [26].
To more rigorously test the possibility that B cells from
diabetes mellitus patients fail to produce IL-10 in response
to TLR engagement, we measured IL-10 production by
diabetes mellitus and ND B cells responding to a more
comprehensive panel of TLR ligands. In contrast to B cells
from ND donors, B cells from diabetic patients fail to
activate even modest IL-10 production (>20 pg/ml) in
response to TLR2 (Pam3) or TLR4 (rLPS) ligand (Fig. 4a).

Fig. 4 TLR ligands fail to activate IL-10 production by B cells from
diabetes mellitus patients. B cells from ND (white bars) or diabetes
mellitus (black bars) donors were incubated for 24 h. with stimuli as
indicated. a IL-10 production. b Positive control showing B cells from
diabetes mellitus patients are capable of producing cytokines in
response to the TLR9 ligand CpG ODN 2006. Shown is mean and
SEM of the number of samples indicated immediately below each bar.
p values calculated by Mann–Whitney U test are shown above bars for
samples that were significantly (p<0.05) different between ND and
diabetes mellitus cohorts (a †p=0.0023; ‡p=0.0040; §p=0.0012)

Table 3 Cytokine production by TLR-stimulated B cells

Cytokine Stimulus

Medium Pam3 rLPS CpG

GM-CSF

T2D mean 69.3 99.7 77.8 84.4

p value – 0.0051* 0.0207* 0.002*

na 11 11 8 11

ND mean 43.6 108.1 71.4 120.8

p value – 0.0050* 0.0781 0.0625

na 14 14 9 7

IL-10

T2D mean 4.0 10.4 5.1 14.0

p value – 0.0300* 0.2000 0.0754

na 7 7 4 7

ND mean 24.2 71.0 34.4 110.5

p value – 0.0025* 0.1563 0.0313*

na 12 12 8 7

IL-6

T2D mean 68.9 541.5 153.2 580

p value – 0.0010* 0.0078* 0.0049*

na 11 11 8 11

ND mean 325.5 1,622.5 989.7 715.5

p value – 0.0020* 0.0078* 0.0313*

na 14 12 9 7

TNF-α

T2D mean 16.5 86.5 28.5 116.8

p value – 0.0078* 0.2500 0.0781

na 8 10 7 10

ND mean 40.2 87.4 65.6 193.0

p value – 0.0025* 0.0781 0.0625

na 14 14 9 7

All values for cytokines are in pg/ml. For IL-10, values from T2D
B cells approached the level of assay sensitivity
a Number of donors in mean value

*p<0.05 in TLR-stimulated with medium control for B cells from the
same cohort (diabetes mellitus or ND) by paired t test
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The latter finding is consistent with decreased IL-10
response in diabetes mellitus vs ND B cells stimulated by
E. coli LPS (Fig. 3e). More surprisingly, B cells from
diabetes mellitus patients fail to produce IL-10 in response
to CpG, a TLR9 ligand known to activate ND B cells
(Fig. 4a). As a control, we confirmed that CpG equivalently
activates B cells from diabetes mellitus and ND donors to
produce GM-CSF, TNF-α and IL-6, and that CpG-
triggered pathways that activate cytokine production are
fundamentally intact in B cells from diabetes mellitus
patients (Fig. 4b and Table 3). These data support one of
two possible interpretations: TLR engagement fails to
activate IL-10 production, or TLR engagement actively
represses IL-10 production by B cells from diabetes
mellitus donors. Our preliminary data showing IL-10 is
not produced by B cells from diabetes mellitus patients
responding to anti-Igμ plus CD40 (n=6; not shown)
support the possibility of TLR-independent defects in
IL-10 activation in these cells.

TNF-α is uniquely regulated by TLR4 engagement in
B cells from diabetes mellitus patients Many endogenous
and pathogen-associated pro-inflammatory ligands activate
innate immune system cells through combinations of TLR2
and TLR4 ligands [36], or ligands that may be able engage
either TLR2 or TLR4, such as the fatty acid palmitate [5,
37]. These findings raise the possibility that differences in
TLR4 function play an important role in responses to more
complex ligands in B cells from diabetes mellitus patients.
To model B cell interactions with complex ligands and to
further identify alterations in TLR function in B cells from
diabetes mellitus patients, we co-stimulated cells with Pam3
and rLPS to simultaneously activate TLR2 and TLR4. We
then compared cytokine production in B cells stimulated
with Pam3 alone vs the two-ligand combination. For some
cytokines, rLPS (TLR4 ligand) significantly decreased
Pam3 (TLR2)-mediated cytokine production by B cells
from both diabetes mellitus and ND donors (GM-CSF;
IL-6; Fig. 5a, c, g; note that differences in panel e trended
toward significance). However, rLPS significantly de-
creased TLR2-mediated TNF-α production in B cells from
diabetes mellitus patients, but failed to consistently alter
TNF-α production by B cells from ND donors (Fig. 5d, h).
Importantly, B cells from diabetes mellitus patients fail to
secrete IL-10 even in the presence of dual stimuli, further
supporting the conclusion that IL-10 production is
uncoupled from TLR-downstream pathways only in B cells
from diabetes mellitus patients (Fig. 5b, f). The quantitative
decrease in TNF-α production by B cells from diabetes
mellitus patients caused by TLR4 engagement is modest
(∼30% decrease). Nonetheless, these findings support the
conclusion that TLR4 function is fundamentally altered in
B cells from diabetes mellitus patients. Furthermore, the

data reveal the specificity by which altered TLR function
regulates B cells.

The TLR ligand response of B cells from diabetes mellitus
patients is disease-influenced B cells from multiple chronic
inflammatory diseases, including PD, secrete cytokines in
response to TLR engagement [13]. Because many diabetes
mellitus patients have confounding PD, we asked whether
responses of B cells from diabetic and ND PD patients
are similar. Although TLR-induced production of some
cytokines by B cells from diabetic vs PD patients was
statistically indistinguishable (Fig. 6a, c; GM-CSF and
IL-6, respectively), only B cells from PD patients produced
IL-10 in response to all stimuli tested (Fig. 6b). Further-
more, IL-8 responses to TLR4 and TLR9 ligand were
quantitatively lower in B cells from diabetes mellitus

Fig. 5 TLR4 engagement decreases TLR2-mediated TNF-α produc-
tion by B cells from diabetes mellitus but not ND donors. Cytokine
production by B cells from diabetes mellitus patients (a–d) or ND
donors (e–h) stimulated with the TLR2 ligand Pam3 alone or in
combination with the TLR4 ligand rLPS. A line connects values from
each donor sample. Significance was determined by a non-parametric
paired two-tailed t test. a p=0.0195; b NS; c p=0.0010; d p=0.0039;
f p=0.0098; g p=0.0391; h NS. Difference in panel e approached
significance (p=0.0592). Results are from ten diabetes mellitus or 11
ND donor samples
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compared with PD patients (Fig. 6d). Finally, B cells from
PD vs diabetes mellitus patients produce significantly more
TNF-α in response to TLR4 ligand (Fig. 6e). The TNF-α
results are consistent with the demonstration that TLR4
ligand decreases TLR2-stimulated TNF-α production by B
cells from diabetes mellitus (Fig. 5) but not PD [13] donors.
Furthermore, the overall increase in pro-inflammatory
responses of B cells from PD patients supports the
probability that the differences in the age of the cohorts
(PD and ND median age is indistinguishable but diabetes
mellitus patients are significantly older; Tables 1 and 2)
cannot explain all pro-inflammatory changes in patient
B cells. Finally, differences in the subcategory of PD in our
defined PD cohort vs our periodontally undefined diabetes
mellitus cohort may underlie differences in B cell cytokine
production. We conclude that disease pathology influences
the B cell response to TLR ligands. These data further show
that lack of B cell IL-10 production is specific to diabetes
mellitus.

Discussion

Taken together, our data indicate that altered TLR function
in B cells from diabetes mellitus patients affects cytokine
production, and highlights the elegant specificity of TLR-
mediated outcomes of B cell activation in disease.

Importantly, surface TLR expression may not be the best
predictor of B cell cytokine production in diabetes mellitus.
The final outcomes of TLR-activated cytokine production
by diabetes mellitus B cells are, on balance, pro-
inflammatory: increased IL-8 and decreased IL-10, which
may override quantitatively small decreases in TNF-α.
Although the precise ratio of pro- to anti-inflammatory
cytokines required to promote chronic inflammation is
unknown, our data clearly indicate that the B cell
contribution to the overall ratio is significantly altered in
diabetes mellitus and may, for at least IL-8 and IL-10, rival
the importance of monocytes as cytokine producers. The
complex contribution of B cells and B cell TLRs to diabetes
mellitus inflammation is reminiscent of the mixed contri-
bution of T cells to inflammation in diet-induced obesity, in
which CD8 T cells promote pathology, but regulatory
T cells block pathology [38–40].

Elevated IL-8 production by B cells from diabetes
mellitus patients was unexpected, but may link B cells to
disease pathogenesis based on several studies implicating
IL-8 in diabetes mellitus. IL-8 levels are elevated in serum
and in the adipose-associated stromal vascular fraction
of diabetes mellitus patients, but the cellular source of
IL-8 was not identified by these studies [41, 42]. B cell
IL-8 may also play a role in IL-8-associated complications
of diabetes mellitus, such as vascular disease [43]. This
possibility is further supported by data showing palliative
treatments that decrease IL-8 levels in vivo appear to have

Fig. 6 Disease influences TLR-mediated B cell cytokine production.
Comparison of cytokine production by B cells from diabetes mellitus
(white bars) or PD (black bars) patients stimulated by the single TLR
ligand indicated on the x-axis. a GM-CSF; b IL-10; c IL-6; d IL-8;
e TNF-α. Bars show mean and SEM. Significant differences between
values for the two patients cohorts were determined by non-parametric

two-tailed t tests and are indicated by p values listed above some
graphs (b †p=0.0076, ‡p=0.040, §p=0.014; d †p=0.034, ‡p=0.040;
e †p=0.019. All other differences between B cells from the two
cohorts stimulated with the same ligand were statistically insignificant
(p>0.05)
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benefits for insulin resistance and cardiovascular risk
factors [44]. Taken together, these studies suggest that
elevated IL-8 production by B cells from diabetes mellitus
patients may have important implications in diabetes
pathogenesis. The concomitant decrease in B cell IL-10
production undoubtedly skews the pro- to anti-
inflammatory cytokine ratio even further to promote an
inflammatory milieu. Although B cells produce lower
levels of TNF-α either constitutively or in response to
TLR4 ligand (following TLR2 stimulation), the absolute
changes in TNF-α production are modest in both assays.
Therefore we predict these results hold value as indicators
of altered TLR function in diabetes mellitus B cells, but
may not identify critical quantitative changes in this
diabetes-linked cytokine [45]. The simplistic dogma that
TLR-mediated nuclear factor kappa B translocation acti-
vates cytokines must be significantly refined to facilitate the
design of new diabetes mellitus treatments that exploit
knowledge of the highly specific mechanisms that control
TLR-activated cytokine production.

Clinical treatments that attempt to decrease inflammation
in diabetes mellitus patients have had variable results [46–
48], perhaps caused in part by a lack of appreciation of non-
conventional functions of B cells and B cell TLRs defined
herein. Apart from the role B cells may play in diabetes
mellitus, B cells certainly play significant roles in vaccine
responses. Therefore, the current push to exploit TLR
ligands in vaccine adjuvants, some of which will inevitably
be used in the growing population of diabetes mellitus
patients, makes understanding the responses of these patient
B cells and changes in B cell TLR function more broadly
important. Both treatment and vaccine strategies must take
into account the net effect of TLR action, including
unexpected sources of TLR activity, to most effectively
harness the promise of immune system modulation in
chronic inflammatory disease patients.
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