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OBJECTIVE

B lymphocytes play an important role in the immunopathogenesis of autoimmune
diabetes. We hypothesized that the altered B-cell subset phenotype is associated
with autoimmune diabetes.

RESEARCH DESIGN AND METHODS

Patients with type 1 diabetes (T1D) (n = 81), latent autoimmune diabetes in adults
(LADA) (n = 82), or type 2 diabetes (T2D) (n = 95) and healthy control subjects (n =
218) with normal glucose tolerance (NGT) were recruited. We determined the
percentage of circulating B-lymphocyte subsets, including CD19+CD232CD21+

(marginal zone B [MZB]), CD19+CD23+CD212 (follicular B [FoB]), and
CD19+CD5+CD1dhi (interleukin-10–producing regulatory B [B10]) cells by flow
cytometry.

RESULTS

Patients with T1D or LADA had increased percentages of MZB cells and decreased
percentages of FoB cells compared with healthy control subjects with NGT and
patients with T2D. Moreover, patients with T1D showed the lowest frequency of
B10 cells compared with patients with LADA or T2D, whereas healthy control
subjects expressed the highest frequency of B10 cells. Of note, the frequency of
MZB cells was negatively associated and the frequency of FoB cells was positively
associated with fasting C-peptide (FCP). The frequency of B10 cells was positively
correlated with FCP and negatively correlated with hemoglobin A1c.

CONCLUSIONS

The data show that patients with T1D or LADA express an altered frequency of
B-cell subsets, which is associated with islet function and glycemia. These findings
suggest that B lymphocytes may be involved in loss of self-tolerance and b-cell
destruction and could be used as a biomarker and potential target for immuno-
logical intervention.

Type 1 diabetes (T1D) is characterized by autoimmune destruction of pancreatic
b-cells, primarily mediated by T lymphocytes, resulting in insulin deficiency and
lifelong exogenous insulin dependence (1). Latent autoimmune diabetes in adults
(LADA) is a subtype of autoimmune diabetes, but the progression of autoimmune
b-cell destruction is slow; therefore, patients with LADA are not insulin dependent
at the initial phase (at least 6 months) of disease onset. Clinical manifestation of
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LADA shares the features of classical
T1D and type 2 diabetes (T2D) (2).
T1D, LADA, and T2D present a spectrum
of diabetes. They range from patients
with classic childhood T1D characterized
by autoimmune-mediated destruction
of b-cells with the lowest C-peptide lev-
els to age-related exacerbation of glu-
cose tolerance with the highest BMI
seen in T2D (3). Furthermore, patients
with LADA have susceptibility genes for
both T1D and T2D (4), suggesting that
LADA lies between T1D and T2D.
Increasing evidence demonstrates a

role for B cells in autoimmune diabetes.
B cells infiltrate the islets of young NOD
mice, the commonly used mouse model
for human T1D, and play a role in the
initiation of b-cell destruction by the au-
toimmune response (5). Studies have
shown that marginal zone B (MZB) cells
and follicular B (FoB) cells can effectively
activate CD4+ T cells and facilitate their
proliferation by serving as important
antigen-presenting cells, especially as
antigen-specific antigen-presenting cells
(6,7). B-cell–targeted therapy has been
shown to delay the fall of C-peptide lev-
els in patients with recent-onset T1D (8).
Clinical trials have identified B cells as a
possible therapeutic target for the pre-
vention and reversal of T1D. B-cell–
targeted therapy also has been success-
fully used in treating other autoimmune
diseases, including rheumatoid arthritis
(9), systemic lupus erythematosus (10),
and multiple sclerosis (11). Moreover,
studies have shown that B cells are im-
portant in regulating both innate and
adaptive immunity (12). A subset of B
cells expressing CD19+CD5+CD1dhi,
which have a regulatory function in in-
fection, inflammation, and autoimmune
disease, recently has been identified.
These regulatory B cells can regulate
T-cell responses and inhibit inflammation
in an interleukin-10 (IL-10)–dependent
manner (13–16). This subset of B cells,
therefore, is designated as B10 cells. The
maturation and expansion of B10 cells
require IL-21 and CD40 signals both in
vivo and ex vivo (17,18).
Considerable evidence shows that pa-

tients with autoimmune diabetes have
altered frequencies of circulating im-
mune cells, including T cells (19), den-
dritic cells (20), natural killer cells
(21,22), and neutrophils (23). Although
studies have reported no significant
change in total B cells in peripheral

blood of patients with T1D (21,24), little
is known about B-cell subpopulations
with distinct immune functions that
may play a role in the diabetes spectrum
of T1D, LADA, and T2D. We hypothe-
sized that an altered phenotype of B-cell
subsets is associated with autoimmune
diabetes. This study investigated a
change of peripheral B-cell subsets in
patients with T1D, LADA, and T2D com-
pared with healthy control subjects. The
results show altered frequencies of var-
ious B-cell subsets associated with auto-
immune diabetes.

RESEARCH DESIGN AND METHODS

Participants
Two hundred fifty-eight patients with
T1D (n = 81, mean diabetes duration
3.1 6 3.5 years), LADA (n = 82, 6.1 6
5.9 years), or T2D (n = 95, 3.0 6 3.7
years) and 218 control subjects with
normal glucose tolerance (NGT) (Table
1) were enrolled in the current study
from The Second Xiangya Hospital of
Central South University (Changsha, Hu-
nan, China). Diabetes was diagnosed ac-
cording to World Health Organization
(WHO) criteria (25). Diagnosis of T1D
was based on acute-onset ketosis or
ketoacidosis with immediate insulin
replacement therapy; at least one posi-
tive islet autoantibody (GAD antibody
[GADA], insulinoma-associated protein-
2 antibody [IA-2A], or zinc transporter
8 antibody [ZnT8A]); or impaired C-
peptide secretion. LADA inclusion criteria
were 1) any positive islet autoantibody
(GADA, IA-2A, ZnT8A), 2) age $30 years
at onset of diabetes, 3) insulin indepen-
dence for at least 6 months after diag-
nosis, and 4) no ketosis or ketoacidosis
(2,26). Diagnostic criteria of T2D were 1)
typical history of hyperglycemia accord-
ing to WHO criteria, 2) negative for islet
autoantibodies, and 3) not requiring
immediate insulin treatment. Healthy
control subjects underwent a stan-
dardized 75-g oral glucose toler-
ance test for normoglycemia (fasting
plasma glucose [FPG] ,6.1 mmol/L, 2-h
plasma glucose ,7.8 mmol/L). Exclu-
sion criteria for control subjects were
secondary diabetes; inflammation, in-
fectious disease, or other autoimmune
disease; history of immunosuppressive
medication or steroids for .7 days;
pregnancy; and malignant disease.
This study was approved by the ethical
committee of The Second Xiangya

Hospital of Central South University,
and all subjects provided written in-
formed consent for the study protocol.

Study physicians recorded body
height and weight, waist circumference,
hip circumference, and blood pressure.
Fasting venous blood samples were
tested for triglycerides (TGs), total cho-
lesterol (TC), HDL cholesterol (HDL-C),
LDL cholesterol (LDL-C), FPG, hemoglo-
bin A1c (HbA1c), and fasting C-peptide
(FCP).

C-Peptide and HbA1c Assays
HbA1c was measured by automated liq-
uid chromatography (VARIANT II He-
moglobin Testing System; Bio-Rad
Laboratories, Hercules, CA). FCP was
measured by a chemiluminescence
method (ADVIA Centaur; Siemens,
Munich, Germany).

Islet Autoantibody Assays
GADA, IA-2A, and ZnT8Awere measured
by radioligand assays as previously de-
scribed (27,28). The cutoff indices of
positivity for GADA, IA-2A, and ZnT8A
were 18 units/mL (WHO units), 3.3
units/mL, and 0.011 (ZnT8A index), re-
spectively, which were determined as
the 99th percentile of 405 healthy con-
trol subjects. The positive samples were
tested twice for confirmation. The sen-
sitivity of the current GADA, IA-2A, and
ZnT8A assays was 78%, 74%, and 70%,
respectively, and the specificity was
96.7%, 96.7%, and 98.9%, respectively,
in the Islet Autoantibody Standardiza-
tion Program (IASP2012).

Immunostaining and Flow Cytometry
Fresh venous blood samples were
drawn into sodium heparin tubes from
fasting subjects and processed within 2 h.
The peripheral blood mononuclear cells
were isolated by standard Ficoll-Paque
Plus density-gradient centrifugation
and stained with various monoclonal an-
tibodies (allophycocyanin-Cy7-CD19
[HIB19], fluorescein isothiocyanate-CD5
[UCHT2], allophycocyanin-CD1d [51.1],
peridinin chlorophyll protein-Cy5.5-
CD23 [EBVCS-5], and phycoerythrin-
Cy7-CD21 [LT21]; BioLegend, San
Diego, CA) to determine the percent-
age of B-cell subsets according to
the manufacturer’s protocol. The
stained cells were analyzed with a BD
FACSCanto II system, which was cali-
brated daily with appropriate single
fluorochrome-stained samples. Fifty
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thousand lymphocytes were collected in a
forward scatter/side scatter (FSC-A/SSC-A)
lymphocyte gate and analyzed with
FlowJo version 7.6 software (Tree Star,
Inc., Ashland, OR). Dead cells were ex-
cluded from the analysis on the basis of
their forward- and side-light scatter prop-
erties and propidium iodide staining.
Doublets were excluded by FSC-A/FSC-H.
Gating strategies for all B-cell popula-
tions examined are described in Fig. 1.
The following antibodies were used
to identify B-cell subsets: CD19+ (pan
B marker), CD19+CD232CD21+ (MZB
cells), CD19+CD23+CD212 (FoB cells),
CD19+CD23+CD21+ (transitional 2-marginal
zone precursor [T2-MZP] B cells) (29), and
CD19+CD5+CD1dhi (B10 cells). The intra-
assay and interassay coefficients of varia-
tion for the percentages of CD19+ were
3.71% and 12.15%, respectively.

Statistical Analysis
Data are presented as mean 6 SD or as
median (25th–75th percentile). Loga-
rithmic transformations were applied
for nonnormally distributed parameters
before applying these statistical tests.
ANOVA was performed to compare
groups after adjustment for potentially
confounding variables, including age,
sex, and BMI. All the significant differ-
ences between groups are the results of
adjusted analyses unless stated other-
wise. Associations of the frequencies
of B-cell subsets with other parameters
were estimated by Pearson correlations
or Spearmannonparametric correlations.

For the statistical analysis, we used SPSS
version 19.0 (IBM Corporation, Chicago,
IL) andGraphPad Prism5 (GraphPad Soft-
ware, San Diego, CA) software. Differ-
ences were considered significant at a
two-tailed P , 0.05.

RESULTS

Anthropometric and Metabolic Data
Table 1 summarizes the features of the
subjects in each group. The control sub-
jects with NGT were younger than
patients with LADA and T2D but signifi-
cantly older than patients with T1D.
The percentage of males in the LADA
groupwas higher than in the NGT group.
The BMI of the NGT and LADA groups
was lower than the T2D group but
higher than the T1D group. Patients
with T2D or LADA had higher systolic
and diastolic blood pressures than pa-
tients with T1D and subjects with NGT.
Patients with T2D had distinctive TG, TC,
LDL-C, and HDL-C levels compared with
the other groups. The FPG levels were
similar in all the patients with diabetes
but higher than in the subjects with
NGT. HbA1c in patients with T1D was
different from that in patients with
T2D. There was a significant decrease
of FCP in the LADA and T1D (lowest)
groups compared with the T2D and
NGT groups.

Change of B-Cell Subsets in Patients
With Diabetes
We did not find any significant changes
in the frequency of CD19+ B cells among

the patient groups, regardless of age,
sex, and BMI, compared with the NGT
group (P. 0.05) (Supplementary Fig. 1).

The frequencies of MZB cells in the
T1D and LADA groups were significantly
higher than in the NGT and T2D groups
(T1D vs. NGT, T1D vs. T2D, LADA vs.
T2D P , 0.001; LADA vs. NGT P , 0.01)
(Fig. 2A). We found that MZB cells were
more frequent in the T1D group than in
the LADA group, but the differences
were diminished after adjustment for
age, sex, and BMI. FoB cells were less
frequent in the T1D group compared
with the other three groups; however,
the percentages of FoB cells in the T1D
and LADA groups were decreased after
adjustment for age, sex, and BMI com-
pared with the NGT and T2D groups
(T1D vs. NGT, P , 0.001; T1D vs. T2D,
LADA vs. NGT, P , 0.01; LADA vs. T2D,
P, 0.05) (Fig. 2B). We also assessed the
percentages of T2-MZP B cells, which
were reported to have a regulatory
function (29), and found these to be in-
creased in the LADA group compared
with the NGT and T1D groups (LADA
vs. NGT P , 0.001; T1D vs. LADA P ,
0.01) (Fig. 2C), whereas they were more
frequent in the T2D group than in the NGT
group (T2D vs. NGT P, 0.001) (Fig. 2C).

Of note, regardless of the adjustment
for age, sex, and BMI, the proportions of
B10 cells were significantly decreased in
all the patients with diabetes compared
with the control subjects with NGT, but
these were lowest in the T1D group (T1D
vs. NGT P, 0.001; T2D vs. NGT, LADA vs.

Table 1—Anthropometric and metabolic data of participants

NGT (n = 218) T2D (n = 95) LADA (n = 82) T1D (n = 81)

Male (%) 40.4 (88) 47.4 (45) 59.8 (49)** 54.3 (44)

Age (years) 41.37 6 13.52 48.78 6 12.58*** 52.48 6 14.21***‡‡‡ 28.53 6 16.21***†††

BMI (kg/m2) 23.10 6 3.77 24.20 6 3.39* 22.40 6 3.15††‡‡‡ 19.52 6 3.17***†††

SBP (mmHg)¶ 111 (105–122) 128 (118–140)** 118 (110–130)*‡‡‡ 110 (99–123)†

DBP (mmHg)¶ 74 (70–80) 80 (70–90)* 77 (71–83) 72 (65–80)†

TG (mmol/L)§ 1.05 (0.69–1.61) 2.06 (1.21–2.93)*** 1.22 (0.80–1.96)††† 0.92 (0.65–1.47)†††

TC (mmol/L) 4.90 6 1.00 5.26 6 1.22* 4.83 6 1.28† 4.57 6 1.32†

LDL-C (mmol/L) 2.74 6 0.87 3.21 6 1.06** 2.90 6 1.10 2.70 6 1.17

HDL-C (mmol/L)¶ 1.36 (1.14–1.58) 1.08 (0.85–1.31)*** 1.20 (0.94–1.50)* 1.24 (0.91–1.59)†

HbA1c (%)¶ NA 7.10 (5.90–9.50) 7.40 (6.20–9.73) 8.10 (7.10–11.80)†

HbA1c (mmol/mol) NA 54 (41–80) 57 (44–83) 65 (54–105)

FPG (mmol/L)¶ 5.09 (4.70–5.40) 7.22 (5.85–9.46)*** 8.00 (6.31–10.29)*** 8.49 (5.94–12.60)***

FCP (nmol/L)¶ 0.42 (0.33–0.54) 0.53 (0.35–0.76) 0.31 (0.14–0.50)***†††‡‡‡ 0.06 (0.03–0.18)***†††

Data are % (n), mean 6 SD, and median (25th–75th percentile). NA, not appropriate. DBP, diastolic blood pressure; SBP, systolic blood
pressure. ¶Compared by the nonparametric Kruskal-Wallis test. §Compared after log transformation. *P , 0.05 compared with NGT. **P , 0.01
comparedwith NGT. ***P, 0.001 comparedwith NGT. †P, 0.05 comparedwith T2D. ††P, 0.01 comparedwith T2D. †††P, 0.001 comparedwith
T2D. ‡‡‡P , 0.001 compared with T1D.
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NGT P , 0.05) (Fig. 2D). B10 cells were
higher in the T2D and LADA groups than
in the T1D group (P , 0.001 for both)
(Fig. 2D).
After matching for age and sex, these

findings remained the same for the per-
centages of CD19+, MZB, B10, and T2-
MZP B cells after adjustment for BMI
among groups (Supplementary Table 1
and Supplementary Fig. 2). However,
patients with LADA but not those with

T1D had decreased percentages of FoB
cells compared with the control subjects
with NGT and the patients with T2D.

B-Cell Subsets Are Associated With
Clinical Diabetes
We analyzed whether the change of
B-cell subsets had any association with
the clinical manifestations and found that
1)MZB and FoB cellswere correlatedwith
age, 2) T2-MZP B cells were associated

with sex, and 3) B10 and MZB cells were
correlated with BMI (Table 2), regardless
of the type of diabetes. Of note, FPG was
positively correlated with MZB and T2-
MZP B cells but negatively correlated
with B10 cells. HbA1c was also negatively
associated with B10 cells. However, FCP
showed positive correlations with FoB
and B10 cells but negative correlations
with CD19+ and MZB cells. In terms of
lipid profile, we found that T2-MZP B cells

Figure 1—Flow cytometry analysis of peripheral B-cell subsets. A: The initial CD19+ gate was derived from a lymphocyte gate (defined on FSC and
SSC) followed by single-cell discrimination. B: Representative dot plot showing the gating strategy forMZB, FoB, and T2-MZP B cells gated on CD19+ B
cells. C: Representative dot plot showing the gating strategy for B10 cells gated on CD19+ B cells.
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were positively associated with TG and
LDL-C levels but negatively associated
with HDL-C level.
In addition to the associations in all

participants, we examined the correla-
tions between the various B-cell subsets
and clinical manifestations in the differ-
ent types of diabetes. In patients with
T1D, the proportion of CD19+ B cells as-
sociated negatively with FCP (r =20.248,
P , 0.05), and the MZB cells exhibited a
negative correlation with age (r =20.498,
P , 0.001), BMI (r = 20.364, P , 0.01),
and HbA1c (r = 20.324, P , 0.01). In pa-
tients with LADA, CD19+ B cells negatively
correlated with BMI (r = 20.498, P ,
0.001) and FCP (r = 20.248, P , 0.05),
whereas FoB cells showed a positive cor-
relation with age (r = 0.236, P , 0.05).
Finally, in patients with T2D, the percent-
age of T2-MZP B cells was positively

associated with FCP (r = 0.364, P, 0.05).
We did not find any correlation between
B-cell subtypes and islet autoantibodies.

CONCLUSIONS

Increasing evidence suggests that B cells
are as important as T cells in the immuno-
pathogenesis of autoimmune diabetes.
Most, if not all, diabetogenic T cells are
known to be T-helper 1 subsets, but lit-
tle is known about B-cell subsets in au-
toimmune diabetes. We investigated
the phenotype and frequency of various
B-cell subsets in the peripheral blood
across the clinical spectrum of diabetes.
The major finding of this study was
a distinct alteration of B-cell subsets
across the diabetes spectrum and their
association with clinical features.

We foundno significant difference in the
frequency of CD19+ B cells, which is in

accordance with the published studies
(21,30); however, we did not find a
negative correlation between total B
cells and age, as previously reported
(24,31). The discrepancy might be a re-
sult of the different patient populations
studied. The current study went further
than the examination of the frequency of
total B cells, focusing on B-cell subsets
with distinct immunological functions.
Of note, we found that patients with
T1D or LADA had an increased frequency
of MZB cells but decreased frequency of
FoB cells compared with control sub-
jects with NGT and patients with T2D.
In all groups, we found that FCP was
negatively associated with MZB cells
but positively associated with FoB cells.
Attanavanich and Kearney (6) reported
that MZB cells were more effective at ac-
tivating naive CD4+ T cells than FoB cells.

Figure 2—The frequency of B-cell subsets in subtypes of diabetes and control subjects. The frequency of MZB (A), FoB (B), T2-MZP B (C), and B10 (D)
cells gated on CD19+ B cells. P values refer to comparison of data after adjustment for age, sex, and BMI. Each point represents the percentage of
B-cell subsets of an individual. Horizontal lines show medians. *P , 0.05, **P , 0.01, ***P , 0.001.
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MZB cells in NOD mice were also shown
to be important antigen-presenting
cells for the activation of T cells in
pancreatic-draining lymph nodes (32).
Given the negative correlation between
MZB cells and FCP, it is possible that
MZB cells may promote b-cell destruc-
tion in patients with T1D or LADA. De-
creased frequency of FoB cells in the
circulation of patients with T1D and
LADA suggests that some FoB cells mi-
grated from the blood to the pancreas
or the draining lymph nodes as a result
of the local inflammatory response.
Along with the disease progression,
more immune cells are known to infil-
trate to the islets of both NOD mice and
patients with T1D (5,33), but the patients
with T1D in the current study have a rel-
atively long history of diabetes (3.1
years). Thus, FoB cells appear to be
more important in initial rather than es-
tablished pancreatic b-cell autoimmunity
(34). We showed that patients with T2D
and LADA more frequently had T2-MZP B
cells than control subjects with NGT,
which associates with parameters of
blood pressure, lipidemia, and glycemia
but not with HbA1c or FCP. The finding
suggests that T2-MZP B cells are involved
in metabolic regulation. These observa-
tions are consistent with a previous study
showing that glycemia and lipidemia are
associated with immune cells (35).

Another interesting finding was the
decrease of B10 cell frequency in all
types of diabetes, being the lowest in
T1D. Whether this phenotype is medi-
ated through a common mechanism or
different ones is not clear. What is clear
is that immune mechanisms are in-
volved and that more studies, especially
functional studies, are required. Al-
though B cells are generally acknowl-
edged for their function in humoral
immune response by producing anti-
bodies, they also have been demon-
strated to play an immunoregulatory
role in the prevention of autoimmune
disease by producing IL-10 and downreg-
ulating T-cell responses (13,14,36). The
observed B10 cell reduction could
contribute to the breakdown of self-
tolerance that leads to b-cell destruc-
tion in patients with T1D (24) or LADA.
Antigen-activated IL-10–producing
B cells may selectively inhibit autoreactive
T-cell responses to islet-specific antigen
to maintain self-tolerance, and hyper-
glycemic NOD mice and patients with
T1D lack this population of regulatory
B cells (37). In the clinical trial where
B cells in patients with new-onset T1D
were depleted, the patients showed a
transient remission (8). However, blan-
ket targeting of all B cells, as used in the
clinical trial and in treating other auto-
immune disorders, needs to be improved

by selectively deleting pathogenic B cells
while preserving regulatory B cells to
promote tolerance. Our preclinical
study showed that more regulatory B
cells were regenerated after B-cell de-
letion in an animal model (38). Chronic
and systemic inflammation are known
to play an important role in T2D. Fur-
thermore, studies have shown that pa-
tients with long-standing T2D could
have a secondary autoimmune re-
sponse toward islet b-cells (39). The re-
duction of B10 regulatory cells might
contribute to the dysregulation of im-
mune response in T2D. A functional
study on IL-10–producing B cells and
further phenotyping will be the goal of
future work.

In the current study, we found altered
B-cell subsets in a spectrum of diabetes.
Although we currently cannot identify a
specific subset that could be used for di-
agnostic purposes, the results strongly
imply that the change of B-cell subtypes
is related to the pathogenesis of autoim-
munediabetes. Therefore, it is important
to reconsider the approach of B-cell–
targeted therapy in patients with T1D
and aim to selectively removepathogenic
B cells but promote regulatory B cells.

In summary, the current data demon-
strate distinct differences in the fre-
quencies of peripheral B-cell subsets in
T1D and LADA, which are associated
with islet function and glycemia. We
found a reduction of B10 cells in T1D
to be particularly interesting. The find-
ings support the notion that these im-
munological alterations are involved
in loss of self-tolerance and b-cell de-
struction. The findings also suggest that,
similar to regulatory T-cell therapy, trans-
fusion of ex vivo expanded autologous
B10 cells might open a new and effective
therapeutic strategy in treating autoim-
mune diabetes.
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***P , 0.001.
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