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Abstract
A hallmark of regulatory B cells is IL-10 production, hence their designation as IL-10+ B

cells. Little is known about the ability of self-antigens to induce IL-10+ B cells in Graves’ dis-

ease (GD), Hashimoto’s thyroiditis (HT), or other autoimmune disease. Here we pulsed pu-

rified B cells from 12 HT patients, 12 GD patients, and 12 healthy donors with the thyroid

self-antigen, thyroglobulin (TG) and added the B cells back to the remaining peripheral

blood mononuclear cells (PBMCs). This procedure induced IL-10+ B-cell differentiation in

GD. A similar tendency was observed in healthy donors, but not in cells from patients with

HT. In GD, B cells primed with TG induced IL-10-producing CD4+ T cells. To assess the

maximal frequency of inducible IL-10+ B cells in the three donor groups PBMCs were stimu-

lated with PMA/ionomycin. The resulting IL-10+ B-cell frequency was similar in the three

groups and correlated with free T3 levels in GD patients. IL-10+ B cells from both patient

groups displayed CD25 or TIM-1 more frequently than did those from healthy donors. B-cell

expression of two surface marker combinations previously associated with regulatory B-cell

functions, CD24hiCD38hi and CD27+CD43+, did not differ between patients and healthy do-

nors. In conclusion, our findings indicate that autoimmune thyroiditis is not associated with

reduced frequency of IL-10+ B cells. These results do not rule out regulatory B-cell dysfunc-

tion, however. The observed phenotypic differences between IL-10+ B cells from patients

and healthy donors are discussed.

Introduction
Autoimmune thyroiditis (AITD) includes Graves’ disease (GD) and Hashimoto’s thyroiditis
(HT), which are typically associated with hyper- and hypothyroidism, respectively. B cells are
known to play an essential role in GD by virtue of their production of pathognomonic activat-
ing autoantibodies against the thyroid-stimulating hormone (TSH) receptor, leading to
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increased production and secretion of the thyroid hormones T4 and T3 and a compensatory de-
crease in TSH production by the anterior pituitary gland [1, 2]. It is unclear whether B cells
also play a pathogenic role in HT. Autoantibodies to the thyroid self-antigens thyroglobulin
(TG) and thyroid peroxidase (TPO) are commonly found in both GD and HT, but T-cell medi-
ated destruction of thyroid architecture plays a central role in HT [3, 4]. This leads to low pro-
duction of T4 and T3, and a compensatory increase in TSH production [3, 4]. The beneficial
effect of the B cell-depleting antibody rituximab in a number of autoimmune diseases, includ-
ing multiple sclerosis and type 1 diabetes mellitus, suggests a critical role for B cell endorsement
in T-cell dominated diseases [5].

Recently, immunoregulatory B cells (Bregs) have been identified [6–8]. They contribute to
maintenance of peripheral tolerance by virtue of their production of interleukin-10 (IL-10),
transforming growth factor (TGF)-β, Fas ligand, and TRAIL expression [9]. Studies quantify-
ing IL-10+ B cells have generally used polyclonal B-cell activation with toll-like receptor (TLR)
agonists, phorbol-12-myristate-13-acetate (PMA), ionomycin, or anti-IgM/-IgG antibodies
[10, 11]. While these approaches allow determination of immunoregulatory potential of circu-
lating B-cells, they do not necessarily reflect the capacity of IL-10+ B cells to inhibit immune re-
sponses to specific self-antigens. Recently, we demonstrated that TG induces IL-10 production
by a B-cell subset containing high proportions of CD5+ and CD24hi cells [12].

Little is known about IL-10+ B-cell frequency or the ability of B cells to induce IL-10+ T cells
in AITD. Here we investigated the capacity of B cells from patients with GD, HT, and those
from healthy donors to differentiate into IL-10+ B cells when challenged with TG or the mito-
gen PMA/ionomycin. Moreover, we assessed the capacity of B cells pulsed with TG to induce
IL-10 production by CD4+ T cells and cytokine release from intact peripheral blood mononu-
clear cells (PBMCs). Finally, the expression by IL-10+ B cells of several surface markers that
have previously been associated with regulatory functions was examined.

Methods

Subjects
Whole blood from 12 healthy donors (demographics: 9 females, 3 males; median age 44 yrs)
with no history of autoimmune disease was provided by the Blood Bank at Copenhagen Uni-
versity Hospital. A total of 12 patients with HT and 12 patients with GD, attending the Endo-
crinology outpatient clinic at Odense University Hospital between November 2013 and March
2014 participated in the study. HT patients were characterized by elevated serum TSH levels,
raised serum TPO Ab and/or TG Ab levels, and undetectable anti-TSHR Abs. Suppressed
serum TSH levels, increased free T4 (FT4) and free T3 (FT3) levels, elevated serum anti-TSHR
Ab levels, diffuse uptake on thyroid scintigraphy, and ultrasound demonstrating diffuse hypoe-
chogenicity typified those with GD.

All patients were diagnosed within three years of study participation with the exception of
one HT patient diagnosed in 2009 and two GD patients diagnosed in 2008 and 2009. At the
time of blood collection, 9 out of 12 GD patients were receiving methimazole (median: 10
mg/day, IQR: 5 – 15 mg/day) or levothyroxine (median: 75 μg/day, IQR: 50 – 150 μg/day),
while 5 out of 12 HT patients were receiving levothyroxine (median: 112.5 μg/day, IQR:
100 – 125 μg/day). Duration of anti-thyroid treatment varied from 2 weeks to 5 years. Further
clinical details of the study participants are outlined in Table 1. Written informed consent was
obtained from all participating subjects prior to their participation. The study was approved by
the Ethical Committee from the Region of Southern Denmark (project #28699) and followed
the guidelines outlined in the Declaration of Helsinki.
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Biochemistry
Serum TSH was measured using the Immulite 2000 assay (Siemens, Erlangen, Germany). T4

and T3 were measured by time-resolved fluoroimmunoassays (TRFIA) using an AutoDELFIA
instrument (Perkin Elmer/Wallac, Turku, Finland). FT3 and FT4 were defined as T3 or T4 di-
vided by T4 uptake. Anti-TPO Abs and anti-TG Abs were measured by TRIFA, and anti-TSHR
Abs were measured by DYNOtest TRAK human radio receptor assay (Brahms Diagnostica,
Berlin, Germany).

Reference ranges: TSH 0.3 – 4.0 mIU/L; T3 1.3 – 2.2 nmol/L; T4 60 – 130 nmol/L; T4 uptake
0.6 – 1.2 nmol/L; anti-TPO Abs 2.1 – 9.8 kIU/L; and anti-TG Abs 2.9–19.2 kIU/L. Samples
were regarded as negative for anti-TSHR Abs< 0.7 kIU/L [13, 14].

Cells and Serum
PBMCs were isolated by density gradient separation using LymphoPrep (cat #1114547; Axis-
Shield, Oslo, Norway) at 1200 x g for 30 minutes, washed twice in phosphate buffered saline
followed by centrifugation at 400 x g, and re-suspended in RPMI 1640 (cat #01-106-1a; Biologi-
cal Industries, Kibbutz Beit Haemek, Israel) containing 30% (v/v) AB serum, 25 mMHEPES,
2 mM L-glutamine (cat #25030–024; Gibco, Life Technologies, Carlsbad, CA), and 50 μg/mL
gentamycin sulfate (cat #03-035-1c; Biological Industries). All subsequent centrifugations were
carried out at 400 x g. Human serum isolated from healthy male donors of blood group AB

Table 1. Patient characteristics

Graves’ Disease (n = 12) Hashimoto’s Thyroiditis (n = 12)

Age (years)

Median 58 51

Interquartile Range 45.8 – 69.0 40.3 – 58.5

Gender (% females) 91.7 83.3

Thyroid hormones levels

TSH (mIU/L)1 0.7 (0.01 – 5.9) 5.4 (1.6 – 11.2)

T3 (nmol/L)) 2 1.7 (1.1 – 3.6) 1.5 (1.4 – 1.6)

T4 (nmol/L)3 77 (56.8 – 162.8) 78.0 (68.3 – 102.5)

T4 uptake (nmol/L)4 0.9 (0.8 – 1.0) 1.0 (0.9 – 1.0)

FT3
5 1.7 (1.2 – 4.0) 1.6 (1.4 – 1.7)

FT4
6 82.4 (56.9 – 179.1) 79.7 (71.7 – 109.3)

Autoantibodies

Anti-TSHR (kIU/L)7 9.4 (3.6 – 14.7) Negative

Anti-TPO (kIU/L)8 228.5 (117.8 – 958.0) 641.5 (285 – 820.5)

All thyroid hormone and autoantibody levels are taken at the time of immunological studies. Data are displayed as median and IQR.
1Normal range: 0.3 – 4.0 mIU/L
2Normal range: 1.3 – 2.2 nmol/L
3Normal Range: 60 – 130 nmol/L
4Normal Range: 0.6 – 1.2 nmol/L
5FT3 or FT4 were defined as T3 or T4 divided by T4 uptake
6FT3 or FT4 were defined as T3 or T4 divided by T4 uptake
7Positive >1.0 kIU/L
8Normal range is 2.1 – 9.8 kIU/L [13, 14]

TSH = thyroid stimulating hormone; TSHR = thyroid stimulating hormone receptor; TPO = thyroid perioxdiase.

doi:10.1371/journal.pone.0127949.t001
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(AB serum) was purchased from Lonza (cat # 14-490E; Basel, Switzerland) and used as the
serum source in all experiments.

B-cell purification
B cells were positively selected from PBMCs using the human CD19 Positive Cell Isolation kit
(cat #18054; EASY SEP, StemCell Technologies, Vancouver, Canada). In brief, PBMCs were
re-suspended at 1x108 cells/mL and incubated at 4°C with positive selection cocktail (100 μl/
mL) for 15 minutes and magnetic nanoparticles (50 μL/mL) for 10 minutes. PBMCs underwent
4 x 5 minutes separations to increase purity which was assessed by staining with anti-CD19
APC (cat #555–415; BD Bioscience, San Jose, CA), anti-CD3 PerCP (cat #552851; BD Biosci-
ence), and anti-CD14 FITC (cat #555–397; BD Bioscience).

Stimulation of cell cultures
Polyclonal stimulation of B cells was conducted using CpG oligodeoxynucleotides (ODN) 2006
(10 μg/mL; cat #tlrl-2006-1; InvivoGen, San Diego CA) or a cell stimulation cocktail containing
phorbol 12-myristate 13-acetate (PMA) and ionomycin (cat #004970–91; eBiosicence, San
Diego, CA). The final working concentration of PMA was 50 ng/mL and 1 μg/mL for ionomy-
cin. For PMA/ionomycin stimulation, 1x106 PBMCs were cultured in RPMI 1640 media with
30% (v/v) pooled serum from blood group AB-positive donors and 2 μL PMA/ionomycin cell
stimulation cocktail was added to each well for 4 h at 37°C. In other studies, B cells were stimu-
lated with TG (30 μg/ml, MW 660 kDa) purified from human thyroid tissue (cat #OPSA10707;
Aviva Systems Biology, San Diego, CA). Limulus amebocyte lysate (cat #50-647U; QCL -1000
Chromogenic LAL, Lonza) assay revealed endotoxin, which was removed using Triton X-114
as previously described [15].

Pulsing of B cells with antigen
Purified B cells were either preloaded with TG (30 μg/mL) or CpG ODN (10 μg/mL) for 1 h
at 37°C or received no antigen and served as the negative control. Unless otherwise stated,
1.0x105 B cells were co-cultured with 2.0x105 residual PBMCs in RPMI 1640 media containing
30% (v/v) AB serum for 48 h. Supernatants were collected after 48 h of incubation and analyzed
for IL-10 and IL-6 using Luminex (Austin, TX). Multiplex beads were supplied by BioRad
(Hercules, CA).

Intracellular staining for IL-10
Cells were fixed and permeabilized using CytoFix/CytoPerm (cat #554–722; BD Biosciences).
IL-10 staining was assessed, following stimulation with PMA/ionomycin, TG, or CpG (4 and
48 h, respectively). Brefeldin A (cat #420601; Biolegend, San Diego, CA) was added (1 μL/well)
to PBMCs at the beginning of stimulation. For 48 h stimulations, Brefeldin A was added for the
final 5 h.

Flow cytometry
After 4 h of stimulation, PBMCs were stained with a combination of the following antibodies
from BD Bioscience: anti-CD19-PerCP (cat #345–778), anti-CD43-FITC (cat #555–475), anti-
CD27-PECy7 (cat #560–609), anti-CD24-FITC (cat #555–427), anti-CD38-PECy7 (cat #335–
825), anti-CD25 FITC (cat #555–431), anti-IL-10 APC (cat #554–707) or anti-IL-10-PE (cat
#559–330). Anti-CD5 APC was from Dako (cat #C7242, Glostrup, Denmark) and anti-TIM-1
PE was purchased from Biolegend (cat #353–904).
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After 48 h of stimulation, IL-10 was detected with the following BD Bioscience Abs: anti-
CD19 APC (cat #555–415), anti-CD14 FITC (cat #555–397), anti-CD4 PerCP (cat #345–770),
anti-CD8 PECy7 (cat #557–746) and anti-IL-10 PE (cat #559–330). Live/Dead Fixable Near In-
fraRed staining (cat #L10119; Molecular Probes, Invitrogen, Carlsbad, CA) was included.

The cells were acquired with a FACS Canto (BD Bioscience) flow cytometer with argon
laser (488 nm) and Helium-Neon laser (633nm) excitation.

All analyses were carried out using FlowJo V10 (TreeStar, Ashland, OR). Dead cells were ex-
cluded based on Live/Dead Fixable Near InfraRed staining and B cells were identified as
CD19+ events within a morphological lymphocyte gate. Individual IL-10+ B cells were identi-
fied using the gating strategy demonstrated in S1 Fig.

Statistics
Comparisons between each patient group and healthy donors were performed using the two-
tailed Mann-Whitney U-test. Differences between HT and GD patients were considered
subordinate. In addition, comparisons within each group were performed using the Wilcoxon
matched-pairs signed rank test. Correlations between thyroid hormones (FT3, FT4 and TSH)
and IL-10+ B cell frequency were evaluated using Spearman Rank correlation coefficient. All
analyses were carried out using GraphPad Prism version 6 (GraphPad Software, La Jolla, CA).
P values are presented in the figures. P-values< 0.05 were considered significant.

Results

Induction of IL-10+ B cells by the thyroid self-antigen TG
In general, polyclonal stimulation with PMA/ionomycin or CpG has been used to study cyto-
kine production by B cells. While this approach may show the potential of the entire B cell
pool to differentiate into cytokine-producing cells, it does not reflect the more physiological sit-
uation where B cells may be stimulated clonally with self-antigens and receive help from anti-
gen-specific T-helper cells. To mimic such conditions, B cells were purified and pulsed with the
thyroid self-antigen TG before they were added back to the remaining PBMCs (Fig 1).

The hallmark of immunoregulatory function in B cells is the production of IL-10 [9]. As
shown in Fig 1A, exposure to TG significantly increased the proportion of IL-10+ B cells in cul-
tures from GD patients (p = 0.01). A similar tendency was observed among healthy donors
(p = 0.10), but not among HT patients. After pulsing with TG, cultures derived from GD pa-
tients tended to contain more IL-10+ B cells than cultures derived from healthy donors
(p = 0.059). As expected, CpG induced IL-10+ B cells substantially in all three donor groups.

We next examined whether uptake and presentation of TG by B cells promoted induction
of IL-10 producing T cells in the co-cultures. As shown in Fig 1B, pulsing of B cells with TG re-
sulted in an increase in the proportion of IL-10-producing CD4+ T cells in cultures derived
from GD patients (p = 0.01), but not in cultures from HT patients or healthy donors.

As a supplement to the measurement of intracellular IL-10, levels of IL-10 released into the
culture supernatants was determined. Unexpectedly, greater IL-10 production was observed in
both patient groups compared with healthy donors in the presence of B cells not pulsed with
TG (Fig 2A). The same applied to the production of the pro-inflammatory cytokine IL-6, the
levels of which were one to two orders of magnitude higher than those of IL-10 (Fig 2B). Puls-
ing of B cells with TG did not significantly alter these cytokine profiles. Therefore, baseline se-
cretion of IL-10 and IL-6 by un-stimulated PBMCs from AITD patients is higher than in
healthy donors independent of addition of exogenous self-antigen.
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IL-10+ B-cell proportions in AITD patients and healthy donors
To compare the maximal achievable IL-10+ B-cell production in the two patient groups with
those of healthy controls, polyclonal stimulation of PBMCs with PMA/ionomycin was used to

Fig 1. Induction of IL-10+ B cells and CD4+ T cells by the self-antigen thyroglobulin.CD19+ B cells were purified from PMBCs from healthy donors (HD;
N = 12), patients with Graves’ disease (GD; N = 12), or patients with Hashimoto’s thyroiditis (HT; N = 12). 1x105 purified B cells were pulsed with thyroglobulin
(TG), a positive control stimulus, CpG oligodeoxynucleotide (CpG), or no antigen (No Ag) for 1 h, and co-cultured with 2x105 of the remaining PBMCs for 48
hours before staining for (A) CD19+ B cells, (B) CD4+ T cells, and for intracellular IL-10, followed by flow cytometric analysis. Brackets show differences
between groups with the corresponding raw P-values (Mann-Whitney U test). (*) P = 0.10; * P<0.05; *** P<0.001 within groups (Wilcoxon matched-pairs
signed rank test).

doi:10.1371/journal.pone.0127949.g001

Fig 2. Secretion of IL-10 and IL-6 in co-cultures of TG-stimulated purified B cells and the remaining PBMCs. B cells from healthy donors (HD; N = 10)
and patients with Graves’ disease (GD; N = 12) or Hashimoto’s thyroiditis (HT; N = 12) were pulsed with thyroglobulin (TG) and added back to the remaining
PBMCs as described in Fig 1. After 48 h, the (A) IL-10 and (B) IL-6 secreted into culture supernatants were measured using the Luminex platform. The
box plots indicate median, interquartile range (box) and range (whiskers). Brackets show differences between groups with the corresponding raw P-values
(Mann-Whitney U test). * P<0.05; ** P<0.01 within groups (Wilcoxon matched-pairs signed rank test).

doi:10.1371/journal.pone.0127949.g002
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induce IL-10 expression (Fig 3A). Approximately, 1% IL-10+ B cells were identified following
this stimulation in all three donor categories (Fig 3A).

A significant positive correlation was found between FT3 levels and the frequency of IL-10
+

B cells in GD patients (P = 0.0016, Fig 3B) while a borderline-significant correlation was identi-
fied between FT4 levels and IL-10

+ B-cell frequency (P = 0.059; data not shown). However, no
correlation was found between IL-10+ B-cell abundance and serum TSH (data not shown).

The total B-cell count did not differ between healthy donors and patients with GD or HT
(data not shown).

Surface marker expression by IL-10+ B cells and IL-10- B cells
B cells from healthy donors and patients with GD or HT were assessed for the phenotypes asso-
ciated with regulatory functions. These include those cells displaying CD5, CD25, TIM-1, and
combinations of CD24, CD27, CD38, and CD43 [12, 16–24].

Representative dot plots of CD5, CD25 and TIM-1 surface expression on IL-10+ B cells
from a healthy donor are shown in Fig 4A–4C. As expected from earlier studies, IL-10+ B cells
were enriched with all three markers, compared to the rest of the B-cell pool, in all three donor
groups (Fig 4D–4F). The median proportion of CD25+IL-10+ B cells constituted 30% in both
GD and HT, compared to only 17% in healthy donors (P = 0.039 and P = 0.0009, respectively;
Fig 4E).

IL-10+TIM-1+ B cells were more abundant in GD and HT than IL-10+ TIM-1+ B cells from
healthy donors (P = 0.024 and P = 0.0009, respectively; Fig 4F). These data should be inter-
preted with caution; however, since the 4 h PMA/ionomycin stimulation used to induce differ-
entiation of IL-10+ B cell more than doubled the frequency of B cells displaying TIM-1 (S1
Table).

The CD24hiCD38hi and CD27+CD43+ phenotypes, previously associated with Breg function
[22, 23, 25], were also investigated. Only a minority of IL-10+ B cells were CD24hiCD38hi

Fig 3. Maximal induction of IL-10+ B cells in healthy donors and AITD patients. PBMCs from healthy
donors (HD; N = 12; light grey bars), patients with Graves’ disease (GD; N = 12; hatched bars) or patients with
Hashimoto’s thyroiditis (HT; N = 12; dark grey bars) were stimulated with PMA/ionomycin for 4 h, and CD19+

B cells were analyzed for intracellular IL-10 content. (A) The percentages of IL-10+CD19+ B cells after
stimulation are presented for each donor category. Box plots indicate median, interquartile range (box), and
range (whiskers). (B) Correlation between PMA/ionomycin-induced IL-10+CD19+ B cell numbers and
circulating FT3 levels in GD patients is shown. All values in have been adjusted for background frequency of
positive events (after no stimulation).

doi:10.1371/journal.pone.0127949.g003
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(Fig 5A), regardless of the donor group, and the proportion of these cells was similar in all
three donor groups (data not shown). IL-10+ B cells were predominantly found within the
CD24hiCD38- memory B-cell compartment in healthy donors (Fig 5B), while they were under-
represented in this compartment in HT patients (p = 0.012; Fig 5B). HT patients had a corre-
spondingly higher proportion of mature CD24intCD38intIL-10+ B cells than healthy donors
(37% vs. 21%, respectively, p = 0.0023; data not shown).

The median proportion of IL-10+ B cells expressing the CD27+CD43+ phenotype comprised
19% in healthy donors and 29% in both patient groups (NS; data not shown).

Discussion
In this study, we examined the induction of IL-10+ B cells by the thyroid self-antigen TG, and
by the polyclonal stimulators PMA/ionomycin and CpG. We consider TG to represent a more
physiologically relevant stimulus than the mitogenic stimuli normally used to study regulatory
B cells. In keeping with our previous findings in healthy donors [12], TG induced significant
IL-10+ B-cell differentiation in GD, and a similar tendency was observed in healthy donors.
These data suggest that IL-10+ B-cell differentiation in GD is not compromised. It should be
noted, however, that we did not assess TSH receptor-reactive IL-10+ B cells, which are presum-
ably more relevant to the pathogenesis of GD. Interestingly, B cells pulsed with TG were

Fig 4. Frequencies of IL-10+ B cells expressing CD5, CD25 and TIM-1. PBMCs from healthy donors (HD; N = 12), patients with Graves’ disease (GD;
N = 12) or patients with Hashimoto’s thyroiditis (HT; N = 12) were stimulated with PMA/ionomycin and stained with antibodies against CD19, IL-10, CD5,
CD25, and TIM-1. The proportion of (A) CD5+, (B) CD25+ and (C) TIM-1+ cells within the IL-10+CD19+ B cell subset was analyzed. The frequencies of IL-10+

B cells (light grey) and the remaining B cells (IL-10-; dark grey) expressing (D) CD5, (E) CD25 and (F) TIM-1 are shown for each donor category. The
box plots indicate median, interquartile range (box) and range (whiskers). Brackets show differences between groups with the corresponding raw P-values
(Mann-Whitney U test). ** P<0.01; *** P<0.001 between IL-10+ cells and IL-10- B cells within each group (Wilcoxon matched-pairs signed rank test).

doi:10.1371/journal.pone.0127949.g004
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capable of inducing IL-10-producing CD4+ T cells after being added back to PBMCs cultures
from GD patients. This is in keeping with our previous findings in cells from healthy donors
[12].

No statistically significant changes in IL-10 or IL-6 levels could be detected in culture super-
natants following exposure of B cells to TG, but trends confirmed our previous findings that B
cells pulsed with TG can induce production of both cytokines – as well as tumor necrosis factor
(TNF)-α and TGF-β – in co-cultures with autologous T cells [12]. While the three donor
groups did not differ with respect to the ability of TG to induce cytokine responses, the baseline
production of both IL-10 and IL-6 was greater in the two patient groups. Considerably more
IL-6 than IL-10 was produced, which might reflect a more pro-inflammatory environment in
AITD patients compared to healthy donors. We have previously shown that addition of TG to
PBMCs induced increased production of TNF-α, IL-2, interferon-γ and IL-10 in GD patients
and HT patients, compared to healthy donors [26]; the data presented here suggest that B cells
pulsed with TG do not provide a stimulus strong enough for similar changes in cytokine
production.

We observed no difference between healthy donors and either patient group with respect to
induction of IL-10+ B cells by the polyclonal stimuli PMA/ionomycin or CpG. In contrast to
our results, Zha et al., also using CpG and PMA/ionomycin as stimuli, observed a significantly
lower frequency of IL-10 producing B cells in new-onset GD patients than in healthy donors
[27]. The reason for this discrepancy may be that Zha et al., investigated new-onset GD pa-
tients, while those with GD in our study cohort had disease of a longer duration, and 9 out of
12 of them had received methimazole. Significantly decreased IL-10+ B-cell frequency has also
been described in patients with rheumatoid arthritis [28, 29]. Importantly, our finding of simi-
lar frequencies of IL-10+ B cells in healthy donors and AITD patients does not rule out disease-
associated B cell impairment with respect to IL-10-independent regulatory mechanisms affect-
ing T-cell activity [27]. Alternative ways for B cells to regulate T-cell functions include

Fig 5. Frequencies of IL-10+ B cells expressing combinations of CD24 and CD38. PBMCs from healthy donors (HD; N = 12), patients with Graves’
disease (GD; N = 12) or patients with Hashimoto’s thyroiditis (HT; N = 12) were stimulated with PMA/ionomycin for 4 hours, stained with antibodies against
CD19, IL-10, CD24, and CD38, and analyzed by flow cytometry. (A) The gating for three combinations of CD24 and CD38 was performed on IL-10+CD19+

cells from a healthy donor, representative of all three donor groups. (B) The frequencies of IL-10+ B cells (light grey) and the remaining B cells (IL-10-; dark
grey) being CD24hiCD38- are shown for each donor group. The box plots indicate median, interquartile range (box) and range (whiskers). Brackets show
differences between groups with the corresponding raw P-values (Mann-Whitney U test). ** P<0.01; *** P<0.001 between IL-10+ cells and IL-10- B cells
within each group (Wilcoxon matched-pairs signed rank test).

doi:10.1371/journal.pone.0127949.g005
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mechanisms mediated by TGF-β [30], and expression of surface molecules such as pro-
grammed death ligand 2 [9, 31] and Fas ligand [9, 32, 33].

Unexpectedly, the frequency of induced IL-10+ B cells correlated positively with FT3 and
FT4 levels (the latter borderline significance), within the GD patients. The increase in IL-10+ B
cell numbers may reflect an attempt of the B cell compartment to limit or eliminate disease ac-
tivity. This has been demonstrated in experimental autoimmune encephalomyelitis where
wild-type mice spontaneously remit or even recover within 30 days, but mice with a selective
lack of IL-10 expression in B cells fail to do so [7]. Recently, we showed that the frequency of
IL-10+ T cells is inversely correlated with TSHR-antibody levels, a marker of disease activity, in
GD patients [34]. The increasing IL-10+ B-cell frequencies with increasing FT3 levels reported
in this study may reflect compensation for the relative IL-10+ T cell deficiency.

Within the IL-10+ B cell subset, a greater proportion of cells displaying CD25 or TIM-1
were found in patients with HT or GD than in healthy donors. CD25 is the IL-2 receptor
α-chain, which promotes B-cell and T-cell proliferation [35]. Expression of CD25 may allow
IL-10+ B cells to become activated – and regulate the immune response – under circumstances
with abundance of IL-2 in the environment, i.e. in presence of activated effector T cells. Our
data confirm that IL-10+ B cells are enriched with CD25+ cells, as compared with the entire B
cell population, but 50–75% of IL-10+ B cells did not express this marker. TIM-1 is a T-cell co-
stimulatory molecule which regulates CD4+ T-effector cell differentiation and responses in au-
toimmune and alloimmune settings [21, 36, 37]. Ligation of TIM-1 induces IL-10 production
by TIM-1+ B cells and, in so doing, may promote immune tolerance [21]. The finding of a sig-
nificantly increased proportion of TIM-1+IL-10+ B cells in HT and GD may thus reflect a com-
pensatory increase in Bregs in this group. The findings concerning TIM-1 in this study should
be interpreted with caution since TIM-1 expression on the B-cell surface was greatly enhanced
by PMA/ionomycin stimulation. Even so, the majority of IL-10+ B cells in each group lacked
this marker.

Immunoregulatory properties have been associated with CD24hiCD38hi B cells, a phenotype
which defines transitional B cells [22, 23, 28, 38], and which has been reported to be underrep-
resented in active RA [28]. In our study, the proportions of CD24hiCD38hi B cells were similar
between healthy donors and patients with GD or HT; however, IL-10+ B cells were predomi-
nantly CD24hiCD38- (memory) cells in healthy donors, but almost evenly distributed among
CD24hiCD38- (memory) cells and CD24intCD38int (mature) cells in both patient groups. Oth-
ers have also found IL-10 production within the CD24intCD38int and CD24hiCD38- pheno-
types, indicating that these subsets may also exert immunosuppressive activity [23]. We found
no difference between the donor groups with respect to the frequencies of IL-10+ B cells with
the CD27+CD43+ phenotype, which has also been associated with IL-10 production and im-
munosuppression [24, 25]. We did not examine CD24 in combination with CD27, but Zha
et al., found a lower frequency and functional impairment of the CD24hiCD27+ B cells in recent
onset GD [27].

Among the subjects in this study, 9 out of 12 GD patients were undergoing anti-thyroid
drug treatment, and 5 out of 12 HT patients were receiving levothyroxine treatment at the time
of blood collection. It has been reported that anti-thyroid drugs may inhibit lymphocyte func-
tion and reduce production of pro-inflammatory cytokines, in part by inhibiting NF-κB [1,
39–41]. Due to the potentially normalizing effects of anti-thyroid treatment, differences be-
tween patients and healthy donors with respect to IL-10 production may have been underesti-
mated in this study. It should also be noted that IL-10 production by circulating B cells might
not mirror production in intra-thyroidal B cells.

In conclusion, differentiation of B cells into IL-10-producing cells was unimpaired in GD
and HT after stimulation with TG as well as with PMA/ionomycin. As has been observed
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previously, IL-10+ B cells did not segregate into clearly defined phenotypic subsets, regardless
of the donor group examined. Future treatment of AITD should be aimed at reinstituting im-
mune tolerance in these patients with antigen-specific therapies. Our observation that pulsing
of B cells with TG induces IL-10+ T cells as well as IL-10+ B cells in GD patients suggests that
loading of B cells with appropriate self-antigens may be exploited in this respect.

Supporting Information
S1 Table. Expression of surface markers by bulk B cells before and after PMA/ionomycin
stimulation. PBMCs from healthy donors (N = 6) were stimulated with phorbol 12-myristate
13-acetate/ionomycin (PMA/ionomycin) or left unstimulated (baseline) for 4 hours. The pro-
portion of B cells expressing each surface marker after stimulation was related to that of unsti-
mulated B cells as a ratio. The median value of the ratios of 6 individual donors is shown.
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S1 Fig. Gating strategy defining IL-10+ B cells. Representative dot plots show unstimulated
CD19+ B cells (left panel) versus PMA/ionomycin-stimulated CD19+ B cells (right panel). The
gate defining IL-10+ B cells was used throughout the paper.
(TIF)

Author Contributions
Conceived and designed the experiments: BK CHN LH. Performed the experiments: BK. Ana-
lyzed the data: BK CHNMB. Contributed reagents/materials/analysis tools: CHN. Wrote the
paper: BK CHN LH SKL TJS MB.

References
1. Brent GA. Graves’ disease. N Engl J Med. 2011; 358: 2594–2605.

2. Brix TH, Hegedus L. Twin studies as a model for exploring the aetiology of autoimmune thyroid disease.
Clin Endocrin. 2012; 76: 457–464.

3. Effraimidis G, WiersingaW. Mechanisms in endocrinology: autoimmune thyroid disease: old and new
players. Eur J Endocrinol. 2014; 170: R241–252. doi: 10.1530/EJE-14-0047 PMID: 24609834

4. Weetman AP, McGregor AM. Autoimmune thyroid disease: Further developments in our understand-
ing. Endocr Rev. 1994; 15: 788–830. PMID: 7705281

5. Nielsen CH, El Fassi D, Hasselbach HC, Bendtzen K, Hegedus L. B-cell depletion with rituximab in the
treatment of autoimmune diseases. Graves’ ophthalmopathy the latest addition to an expanding family.
Expert Opin Biol Ther. 2007; 7: 1061–1078. PMID: 17665994

6. O'Garra A, Howard M. IL-10 production by CD5 B cells. Ann NY Acad Sci. 1992; 651: 182–199. PMID:
1376039

7. Fillatreau S, Sweenie CH, McGeachy MJ, Gray D, Anderton SM. B cells regulate autoimmunity by pro-
vision of IL-10. Nat Immunol. 2002; 3: 944–950. PMID: 12244307

8. Mauri C, Gray D, Mushtaq N, Londei M. Prevention of arthritis by Interleukin 10-producing B cells. J
Exp Med. 2003; 197: 489–501. PMID: 12591906

9. Klinker MW, Lundy SK. Multiple mechanisms of immune suppression by B lymphocytes. Mol Med.
(CambMass) 2012; 18: 123‑137. doi: 10.2119/molmed.2011.00333 PMID: 22033729

10. Iwata Y, Matsushita T, Horikawa M, Dilillo DJ, Yanaba K, Venturi GM, et al. Characterization of a rare
IL-10-competent B-cell subset in man that parallels mouse regulatory B10 cells. Blood. 2011; 117:
530–541. doi: 10.1182/blood-2010-07-294249 PMID: 20962324

11. Bouaziz JD, Calbo S, Maho-Vaillant M, Saussine A, Bagot M, Bensussan A, et al. IL-10 produced by
activated human B cells regulates CD4+ T-cell activation in vitro. Eur J Immunol. 2010; 40: 2686–2691.
doi: 10.1002/eji.201040673 PMID: 20809522

12. Langkjær A, Kristensen B, Hansen BF, Schultz H, Hegedus L, Nielsen CH. B-cell exposure to self-anti-
gen induces IL-10 producing B cells as well as IL-6 and TNF-α producing B cell subsets in healthy hu-
mans. Clin Immunol. 2012; 145: 1–10. doi: 10.1016/j.clim.2012.07.004 PMID: 22885146

Breg Phenotypes in Health and Autoimmune Thyroid Disease

PLOS ONE | DOI:10.1371/journal.pone.0127949 May 27, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127949.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127949.s002
http://dx.doi.org/10.1530/EJE-14-0047
http://www.ncbi.nlm.nih.gov/pubmed/24609834
http://www.ncbi.nlm.nih.gov/pubmed/7705281
http://www.ncbi.nlm.nih.gov/pubmed/17665994
http://www.ncbi.nlm.nih.gov/pubmed/1376039
http://www.ncbi.nlm.nih.gov/pubmed/12244307
http://www.ncbi.nlm.nih.gov/pubmed/12591906
http://dx.doi.org/10.2119/molmed.2011.00333
http://www.ncbi.nlm.nih.gov/pubmed/22033729
http://dx.doi.org/10.1182/blood-2010-07-294249
http://www.ncbi.nlm.nih.gov/pubmed/20962324
http://dx.doi.org/10.1002/eji.201040673
http://www.ncbi.nlm.nih.gov/pubmed/20809522
http://dx.doi.org/10.1016/j.clim.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22885146


13. Jensen EA, Petersen PH, Blaabjerg O, Hansen PS, Brix TH, Hegedus L. Establishment of reference
distributions and decision values for thyroid antibodies against thyroid peroxidase (TPOAb), thyroglob-
ulin (TgAb) and the thyrotropin receptor (TRAb). Clin Chem Lab Med. 2006; 44: 991–998. PMID:
16879067

14. Jensen E, Hyltoft Petersen P, Blaabjerg O, Skov Hansen P, Brix TH, Kyvik KO, et al. Establishment of a
serum thyroid stimulating hormone (TSH) reference interval in healthy adults. The importance of envi-
ronmental factors, including thyroid antibodies. Clin Chem Lab Med. 2004; 42: 824–832. PMID:
15327019

15. Lui S, Tobias R, McClure S, Styba G, Shi Q, Jackowski G. Removal of Endotoxin from Protein Prepara-
tions. Clin Biochem 1997; 30: 455–463. PMID: 9316739

16. Gary-Gouy H, Harriague J, Bismuth G, Platzer C, Schmitt C, Dalloul AH. Human CD5 promotes B-cell
survival through stimulation of autocrine IL-10 production. Blood. 2002; 100: 4537–4543. PMID:
12393419

17. Cantaert T, Doorenspleet ME, Franco-Salinas G, Paramarta JE, Klarenbeek PL, Tiersma Y, et al. In-
creased Numbers of CD5+ B Lymphocytes with a Regulatory Phenotype in Spondylarthritis. Arthritis
Rheum. 2012; 64: 1859–1868. doi: 10.1002/art.34364 PMID: 22231660

18. Kessel A, Haj T, Peri R, Snir A, Melamed D, Sabo E, et al. Human CD19+CD25high B regulatory cells
suppress proliferation of CD4+ T cells and enhance FOXP3 and CTLA-4 expression in T-regulatory
cells. Autoimmunity. 2012; 11: 670–677. doi: 10.1016/j.autrev.2011.11.018 PMID: 22155204

19. De Andres C, Tejera-Alhambra M, Alonso B, Valor L, Teijeiro R, Ramos-Medina R, et al. New regulato-
ry CD19+CD25+ B cell-subset in clinically isolated syndrome and multiple sclerosis relapse. Changes
after glucocorticoids. J Neuroimmunol. 2014; 270: 37–44. doi: 10.1016/j.jneuroim.2014.02.003 PMID:
24662004

20. Liu J, ZhanW, Kim CJ, Clayton K, Zhao H, Lee E, et al. IL-10-producing B cells are induced early in
HIV-1 infection and suppress HIV-1-specific T cell responses. PLOS One. 2014; 9: e89236. doi: 10.
1371/journal.pone.0089236 PMID: 24586620

21. Ding Q, Yeung M, Camirand G, Zeng Q, Akiba H, Yagita H, et al. Regulatory B cells are identified by ex-
pression of TIM-1 and can be induced through TIM-1 ligation to promote tolerance in mice. J Clin Invest.
2011; 121: 3645–3656. doi: 10.1172/JCI46274 PMID: 21821911

22. Carsetti R, Manuela Rosado, M, Wardemann H. Peripheral development of B cells in mouse and man.
Immunol Rev. 2004; 197: 179–191. PMID: 14962195

23. Blair PA, Norena LY, Flores-Borja F, Rawlings DJ, Isenberg DA, Ehrenstein MR, et al. CD19(+)CD24
(hi)CD38(hi) B cells exhibit regulatory capacity in healthy individuals but are functionally impaired in
systemic Lupus Erythematosus patients. Immunity. 2010; 32: 129–140. doi: 10.1016/j.immuni.2009.
11.009 PMID: 20079667

24. Griffin DO, Holodick NE, Rothstein TL. Human B1 cells in umbilical cord and adult peripheral blood ex-
press the novel phenotype CD20+CD27+CD43+CD70-. J Exp Med. 2011; 208: 67–80. doi: 10.1084/
jem.20101499 PMID: 21220451

25. Griffin DO, Rothstein TL. Human “orchestrator”CD11b+ B1 cells spontaneously secrete IL-10 and regu-
late T cell activity. Mol Med. 2012; 18: 1003–1008. doi: 10.2119/molmed.2012.00203 PMID: 22634719

26. Nielsen CH, Hegedus L, Rieneck K, Moeller AC, Leslie RGQ, Bendtzen K. Production of interleukin
(IL)-5 and IL-10 accompanies T helper cell type 1 (Th1) cytokine responses to a major thyroid self-anti-
gen, thyroglobulin, in health and autoimmune thyroid disease. Clin Exp Immunol. 2007; 147: 287–295.
PMID: 17223970

27. Zha B, Wang L, Liu X, Liu J, Chen Z, Xu J, et al. Decrease in Proportion of CD19+CD24+CD27+ B cells
and Impairment of their suppressive function in Graves’ disease. PLOS ONE. 2012; 7: e49835. doi: 10.
1371/journal.pone.0049835 PMID: 23189166

28. Flores-Borja F, Bosma A, Ng D, Reddy V, Ehrenstein MR, Isenberg DA, et al. CD19+CD24hiCD38hi B
cells maintain regulatory T cells while limiting Th1 and Th17 differentiation. Sci Transl Med. 2013; 5:
173ra23.

29. Daien CI, Gailhac S, Mura T, Rachel A, Combe B, Hahne M, et al. Regulatory B10 cells are decreased
in patients with rheumatoid arthritis and are inversely correlated with disease activity. Arthritis Rheum.
2014; 66: 2037–2046. doi: 10.1002/art.38666 PMID: 24729478

30. Reyes JL, Wang A, Fernando MR, Graepel R, Leung G, van Rooijen N, et al. Splenic B cells from
Hymenolepis diminuta-infected mice ameliorate colitis independent T cells and via cooperation with
macrophages. J Immunol. 2015; 194: 364–378. doi: 10.4049/jimmunol.1400738 PMID: 25452561

31. Zhong X, Tumang JR, GaoW, Bai C, Rothstein TL. PD-L2 expression extends beyond dendritic cells/
macrophages to B1 cells enriched for V(H)11/V(H)12 and phosphatidylcholine binding. Eur J Immunol.
2007; 37: 2405–2410. PMID: 17683117

Breg Phenotypes in Health and Autoimmune Thyroid Disease

PLOS ONE | DOI:10.1371/journal.pone.0127949 May 27, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/16879067
http://www.ncbi.nlm.nih.gov/pubmed/15327019
http://www.ncbi.nlm.nih.gov/pubmed/9316739
http://www.ncbi.nlm.nih.gov/pubmed/12393419
http://dx.doi.org/10.1002/art.34364
http://www.ncbi.nlm.nih.gov/pubmed/22231660
http://dx.doi.org/10.1016/j.autrev.2011.11.018
http://www.ncbi.nlm.nih.gov/pubmed/22155204
http://dx.doi.org/10.1016/j.jneuroim.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24662004
http://dx.doi.org/10.1371/journal.pone.0089236
http://dx.doi.org/10.1371/journal.pone.0089236
http://www.ncbi.nlm.nih.gov/pubmed/24586620
http://dx.doi.org/10.1172/JCI46274
http://www.ncbi.nlm.nih.gov/pubmed/21821911
http://www.ncbi.nlm.nih.gov/pubmed/14962195
http://dx.doi.org/10.1016/j.immuni.2009.11.009
http://dx.doi.org/10.1016/j.immuni.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/20079667
http://dx.doi.org/10.1084/jem.20101499
http://dx.doi.org/10.1084/jem.20101499
http://www.ncbi.nlm.nih.gov/pubmed/21220451
http://dx.doi.org/10.2119/molmed.2012.00203
http://www.ncbi.nlm.nih.gov/pubmed/22634719
http://www.ncbi.nlm.nih.gov/pubmed/17223970
http://dx.doi.org/10.1371/journal.pone.0049835
http://dx.doi.org/10.1371/journal.pone.0049835
http://www.ncbi.nlm.nih.gov/pubmed/23189166
http://dx.doi.org/10.1002/art.38666
http://www.ncbi.nlm.nih.gov/pubmed/24729478
http://dx.doi.org/10.4049/jimmunol.1400738
http://www.ncbi.nlm.nih.gov/pubmed/25452561
http://www.ncbi.nlm.nih.gov/pubmed/17683117


32. Hahne M, Renno T, Schroeter M, Irmler M, French L, Bornard T, et al. Activated B cells express func-
tional Fas ligand. Eur J Immunol. 1996; 26: 721–724. PMID: 8605944

33. Klinker MW, Reed TJ, Fox DA, Lundy SK. Interleukin-5 Supports the Expansion of Fas Ligand-Express-
ing Killer B Cells that Induce Antigen-Specific Apoptosis of CD4+ T Cells and Secrete Interleukin-10.
PLOS One. 2013; 8: e70131. doi: 10.1371/journal.pone.0070131 PMID: 23940537

34. Kristensen B, Hegedus L, Madsen HO, Smith TJ, Nielsen CH. Altered balance between self-reactive
Th17 cells and Th10 cells and between full-length FOXP3 and FOXP3 splice variants in Hashimoto’s
thyroiditis. Clin Exp Immunol. 2015; 180: 58–69. doi: 10.1111/cei.12557 PMID: 25412700

35. Mingari MC, Gerosa F, Carra GC, Accolla RS, Moretta R, Zubler RH, et al. Human interleukin-2 pro-
motes proliferation of activated B cells via surface receptors similar to those of activated T cells. Nature.
1984; 312: 641–643. PMID: 6438535

36. De Souza AJ, Oriss TB, O’Malley KJ, Ray A, Kane LP. T cell Ig and mucin 1 (TIM-1) is expressed on in
vivo-activated T cells and provides a costimulatory signal for T cell activation. Proc Natl Acad Sci USA.
2005; 102: 17113–17118. PMID: 16284246

37. Kuchroo VK, Dardalhon V, Xiao S, Anderson AC. New roles for TIM family members in immune regula-
tion. Nat Rev Immunol. 2008; 8: 577–580. doi: 10.1038/nri2366 PMID: 18617884

38. Sims GP, Ettinger R, Shirota Y, Yarboro CH, Illei GG, Lipsky PE. Identification and characterization of
circulating human transitional B cells. Blood. 2005; 105: 4390–4398. PMID: 15701725

39. McGregor AM, Petersen MM, McLachlan SM, Rooke P, Smith BR, Hall R. Carbimazole and the autoim-
mune response in Graves’ disease. New Engl J Med. 1980; 303: 302–307. PMID: 6247656

40. Weiss I, Davis TF. Inhibition of immunoglobulin-secreting cells by antithyroid cells. J Clin Endocrinol
Metab. 1981; 53: 1223–1228. PMID: 6170652

41. Humar M, Dohrmann H, Stein P, Andriopoulos N, Goebel U, Roesslein M, et al. Thionamides inhibit the
transcription factor nuclear factor-κB by suppression of Rac1 and inhibitor of κB kinase α. J Pharmacol
Exp Ther. 2008; 324: 1037–1044. PMID: 18055877

Breg Phenotypes in Health and Autoimmune Thyroid Disease

PLOS ONE | DOI:10.1371/journal.pone.0127949 May 27, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/8605944
http://dx.doi.org/10.1371/journal.pone.0070131
http://www.ncbi.nlm.nih.gov/pubmed/23940537
http://dx.doi.org/10.1111/cei.12557
http://www.ncbi.nlm.nih.gov/pubmed/25412700
http://www.ncbi.nlm.nih.gov/pubmed/6438535
http://www.ncbi.nlm.nih.gov/pubmed/16284246
http://dx.doi.org/10.1038/nri2366
http://www.ncbi.nlm.nih.gov/pubmed/18617884
http://www.ncbi.nlm.nih.gov/pubmed/15701725
http://www.ncbi.nlm.nih.gov/pubmed/6247656
http://www.ncbi.nlm.nih.gov/pubmed/6170652
http://www.ncbi.nlm.nih.gov/pubmed/18055877

