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IL-10-expressing regulatory B cells (B10 cells) are dysfunctional in patients with many immune disorders. The underlying
mechanism remains to be further elucidated. Glutamine is an essential nutrient for cell metabolism. This study aims to elucidate the
role of glutaminolysis in maintaining the immune regulatory capacity in B10 cells. Peripheral blood samples were collected from
50 patients with allergic rhinitis and 50 healthy control subjects. B cells were isolated from blood samples by cell sorting with flow
cytometry. The role of glutaminolysis in regulating B10 cell activities was assessed by immunological and biochemical approaches.
The results showed that B cells from patients with allergic rhinitis expressed low levels of the transporter of glutamine and neutral
amino acid. Glutaminolysis was required in the IL-10 expression in B cells. The glutamine catabolism was required in B10 cell
generation. The mTOR activation mediated the glutaminolysis-associated B10 cell induction, and the suppression of the B cell
glycogen synthase kinase-3 (GSK3) activation. GSK3 activation suppressed IL-10 expression in B cells. Inhibition of GSK3 enhanced
IL-10 expression in B cells and alleviated experimental allergic rhinitis by generating immune competent type 1 regulatory T cells.
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INTRODUCTION
IL-10+ regulatory B cells (B10 cell, in short) are a fraction of
immune regulatory cells in the body. By releasing immune
regulatory cytokines, such as interleukin (IL)−10, B10 cells suppress
other immune cell activities, that contributes to restricting immune
responses within a proper range to avoid inducing unnecessary
tissue injury1. The B10 cell dysfunction has been noted that plays
an important role in the pathogenesis of many immune disorders,
such as allergic diseases (allergic rhinitis (AR), asthma, dermatitis,
etc.) and autoimmune diseases (diabetes, rheumatic arthritis,
multiple sclerosis, etc.)2. The underlying mechanism of B10 cell
dysfunction is not fully understood yet. Current therapies for B10
cell dysfunction are limited and not satisfactory3.
It has been noted that nutritional factors are associated with the

pathogenesis of immune diseases4. The cell fuel supply, mainly
including glutamine and glucose, is required in maintaining cell
activities. L-glutamine is an amino acid involving immune
regulation and rapidly provide fuel for cell activities5. ASCT2
(alanine, serine, cysteine-preferring transporter 2) is a cell surface
solute-carrying transporter on up taking neutral amino acids
including glutamine6. Although glutamine is not an essential
amino acid, it is important for cells by providing anabolic
substrates for biosynthesizing macromolecules and catabolic
substrates for ATP production7. Published data indicate that
glutamine has a close relationship with immune responses8. Yet,
whether the glutamine metabolism is associated the pathogenesis

of allergic disorders, such as AR and asthma, remains to be
investigated.
Both glutamine and glucose are metabolized in cells through

the tricarboxylic acid (TCA) cycle. In TCA, glutamine and glucose
can activate the mammalian target of rapamycin (mTOR). mTOR
can be activated by many extracellular signals, including growth
factors, insulin, nutrients, amino acids, glucose and other stimuli. It
is mainly through the PI3K/Akt/mTOR signal pathway to achieve
the regulation of cell growth, cell cycle and other physiological
functions of cells. Comparing with glucose, glutamine mainly
activates mTORc1, that can be inhibited by rapamycin9. mTOR
activities are associated with the pathogenesis of many immune
disorders10 including AR11. Thus, we hypothesize that glutamine
metabolic disorders may be involved in the pathogenesis of
immune deregulation. In this study, we analyzed the glutamine
metabolism in B cells isolated from blood samples collected from
AR patients. The results showed that the low expression of ASCT2
was found in AR B cells, that resulted less mTORc2 signals, and
consequently, resulted in high glycogen synthase kinase activa-
tion, that inhibited the IL-10 expression in B cells.

RESULTS
B cells from AR patients express low levels of ASCT2
To assess the nutrient consuming profiles in B cells, PBMCs were
isolated from blood samples collected from 50 AR patients and
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50 HC subjects, and analyzed by fluorescence-activated cell
sorting (FACS). The results showed that the B cell frequency in
PBMCs was not significantly different between the AR group [in
median (IQR), 10.95% (7.08%, 12.96%) and the HC group [10.27%
(7.57%, 12.94%); p= 0.76, AR vs HC] (Fig. 1a–c), in which B10 cell
(CD19+ IL-10+ B cell) frequency was 11.83% (9.03%, 14.79%) in the
HC group while only 3.29% (1.01%, 4.85%) in the AR group
(Fig. 1d, e). Further analysis showed that the ASCT2 (the glutamine
transporter) expression in IL-10− B cells was 51.6 (35.2, 68.9; the
mean fluorescence intensity, MFI) in the HC group, and 13.19 (5.02,
19.84) in the AR group. In B10 cells, the ASCT2 expression was 54.4
(35.2, 69.6) in the HC group, and 11.14 (5.03, 19.87) in the AR
group. The expression of Glut1 (the glucose transporter) was
detected in more than 80% of IL-10− B cells and B10 cells; no
significant difference was detected between the HC group and the
AR group, or between IL-10− B cells and B10 cells (Fig. 1h, i). The
results demonstrate that the ASCT2 expression is lower in AR B
cells, including both IL-10− B cells and B10 cells.

glutamine is required in IL-10 expression in B cells
As ASCT2 is the major transporter of glutamine12, the results of
Fig. 1 show that B cells from AR patients express lower IL-10 levels,
we inferred that glutamine plays a role in the IL-10 expression in B
cells. To test this, we collected blood samples from HC subjects; B
cells were isolated from the samples by cell sorting. As B cells do
not spontaneously express IL-10, we cultured B cells in the
presence of CD40L and CpG (CpG can induce IL-10 expression in B
cells13) for 24 h. The expression of IL-10 by B cells were analyzed
by RT-qPCR and enzyme-linked immunosorbent assay (ELISA). We
found that exposure to CD40L and CpG significantly increased the
IL-10 expression by B cells. Removal of glutamine, but not glucose
removal, from culture medium prevented the expression of IL-10
by B cells (Fig. 2a, b), that did not alter the TNF-α expression in B
cells (Fig. 2c, d). The results demonstrate that glutamine, but not
glucose, plays a crucial role in the IL-10 expression in B cells. The
cell viability was greater than 99% as assessed by Trypan blue
exclusion assay after culture in the absence of either glutamine or
glucose (Fig. 2e). After exposure to CD40L/CpG in culture for 24 h,
B cells proliferated by 0.1–0.4 folds, which was not affected by
removal of either glutamine or glucose from culture medium
(Fig. 2f). Notably, we also observed less IL-10 expression in B cells
isolated from AR patients than that from HC subjects in response
to CD40L/CpG stimulation in the culture (Fig. 2a, b, d).

Glutamine catabolism is required in B10 cell induction
The expression of IL-10 is the cornerstone of B10 cell generation1.
As glutamine is required in the IL-10 expression in B cells as shown
by Fig. 2, we tested the role of glutaminolysis in the B10 cell
generation. Naive B cells were isolated from HC subject blood
samples by cell sorting and cultured in the presence of CD40L and
CpG. After 3-day culture, we detected that about 13% B cells
expressed IL-10 and CD35, this is in line with previous reports14,
indicating that a portion of B cells were induced into B10 cells. To
test the role of glutaminolysis in B10 cell induction, we added
BPTES (an inhibitor of glutaminase as that is the enzyme to
convert glutamine to glutamate; the latter enters the TCA) to the
culture. Indeed, the B10 cell induction was abolished. The results
demonstrate that the glutamine catabolism is required in B10 cell
induction. To verify the results, we added DMOG (1 mM15; an
analogue of α-ketoglutarate, α-KG) into the culture of BPTES
(10 μM16)-treated B cells (α-KG is the form of glutamate enters
TCA). The addition of DMOG rescued the B10 cell induction in the
presence of BPTES (Fig. 3a, b). The changes of IL-10 mRNA were
also detected in B cells that were in parallel to the IL-10+ B cell
number changes (Fig. 3c); similar changes were also detected in
IL-10 protein in culture supernatant (Fig. 3d). It is noteworthy that
the absence of glucose in the culture did not affect the B10 cell
generation by CD40L/CpG. Additionally, apart from the portion of

IL-10+ B cells expressing CD35, there are more cells expressing
CD35 (Fig. 3a), which may be other leukocytes17. The results
demonstrate that the glutamine catabolism is crucial in B10 cell
development.

mTORc1 activation mediates the glutamine-induced B10 cell
generation
As mTORc1 can be activated by glutaminolysis9, we inferred that
mTORc1 might be the factor mediating the effects of glutamine in
B10 cell development. To test this, after exposure to glutamine in
the culture, B cells were isolated from blood samples collected
from HC subjects and AR patients, and exposed to CD40L/CpG in
the culture with or without glutamine in the culture overnight. B
cells were collected at the end of culture, and processed to assess
the levels of mTORc1 and S6 phosphorylation (S6 is a component
of the downstream of mTORc1 signal pathway)18. We found that
the presence of glutamine was required in the increase in the
phosphor mTORc1 levels and S6 phosphorylation in HC B cells
induced by CD40L/CpG, while AR B cells did not show increase in
the IL-10 expression in response to CD40L/CpG in the culture
(Fig. 4a–d), that were positively correlated with the IL-10 levels in
culture supernatant (Fig. 4e–g). The results indicate that the
mTORc1 pathway is involved in the glutamine-induced IL-10
expression in B cells. To verify this, we added rapamycin (an
inhibitor of mTORc1) to culture medium. Indeed, the glutamine-
induced B cell IL-10 expression was abolished (Fig. 4e). The
results demonstrate that the mTORc1 signal pathway mediates
the glutamine-induced IL-10 expression in B cells. In addition,
the absence of glutamine did not show appreciable effects on the
non-phosphor mTORc1 or S6 levels in B cells (Fig. 4a–d).

GSK3 (glycogen synthase kinase-3) activation suppresses IL-
10 expression in B cells
The data of Figs. 1–4 show that AR B cells express lower ASCT2
levels, that results in less glutaminolysis and less mTORc1
phosphorylation in B cells. As mTORc1 plays a critical role in
restricting the GSK3 activities19, GSK3 inhibits the IL-10 expression
in B cells20, the results implicate that GSK3 may be involved in
the signal pathway by restricting the glutamine-induced IL-10
expression in B cells. To this end, we firstly assessed the GSK3
activation status in AR B cells. The results showed that GSK3 was
indeed highly phosphorylated in AR B cells (Fig. 5a–d). We then
activated HC B cells with CD40L/CpG in the culture in the presence
of glutamine, and either BPTS (an inhibitor of glutaminase) or
rapamycin (an inhibitor of mTORc1). The results showed that the
presence of glutamine inhibited GSK3 phosphorylation, that was
abolished by the presence of either BPTS or rapamycin (Fig. 5e–j).
We also found that the IL-10 levels in culture supernatant were
reversely correlated with GSK3 phosphorylation in B cells (Fig. 5k),
suggesting that the GSK3 activation plays a crucial role in
restricting the IL-10 expression. Additionally, B cells were isolated
from AR patient blood samples, and cultured in glutamine-
deficient medium in the presence of CD40L/CpG and with or
without a GSK3 inhibitor. The results showed that the presence of
CD40L/CpG/GSK3 inhibitor (SB216763) significantly induced the
IL-10 production by AR B cells, while the presence of CD40L/CpG
(without GSK3 inhibitor) did not induce the IL-10 production by AR
B cells (Fig. 5k). The results suggest that the inhibition of GSK3
restores the IL-10 production in AR B cells.

Inhibition of GSK3 alleviates experimental allergic rhinitis (AR)
by generating type 1 regulatory T cells
The data of Fig. 5 suggest that inhibition of GSK3 may alleviate
allergic disorders. Following published procedures21, we prepared
an AR mouse model with ovalbumin (OVA) as a specific antigen
(Fig. 6a). One day after completing the sensitization, AR mice were
treated with GSK3 inhibitor (SB216763, SB, in short) or saline
through nasal instillation daily for 1 week. One day after
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completing the SB-therapy, mice were challenged with OVA
(the specific antigen) through nasal instillation. AR mice showed
AR-like response, including nasal itch (scratching the nasal skin),
sneezing, profound nasal discharge (Fig. 6b–d), high levels of

mouse mast cell protease-1, EPX (eosinophil peroxidase) in nasal
secretions (Fig. 6e, f), and specific IgE, Th2 cytokines and IL-10 in
nasal tissue protein extracts (Fig. 6g–k). The AR-response was
markedly attenuated in the SB-therapy group, that was abolished
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Fig. 1 B cells of AR patients express lower ASCT2 levels. PBMCs were isolated from blood samples collected from AR patients (n= 50) and
HC patients (n= 50) and analyzed by FACS. a The FSC/SSC plots. b Gated FACS plots show CD19+ B cell frequency. c Boxplots
show summarized CD19+ B cell counts. d, e Gated FACS plots show IL-10+ CD19+ B cells (B10 cells); boxplots show summarized B10 cell
counts. f, g Gated FACS histograms show ASCT2+ IL-10− B cells and B10 cells; boxplots show MFI of ASCT2 in IL-10− B cells and B10 cells
against the total MFI. h, i Gated FACS histograms show Glut1+ IL-10− B cells and B10 cells; boxplots show MFI of Glut1 in IL-10− B cells and B10
cells. ***p < 0.001 (Mann Whitney-U test), compared with the HC group. Each dot in boxplots presents data obtained from one sample
(samples were tested in triplicate). The FACS plots are from one experiment, that represent 50 independent tests. The group labels of g, i are
the same as that in FACS histograms on the left side.
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by administration of an IL-10 inhibitor AS101 (Fig. 6b–k). In
addition, single cells were prepared with the nasal tissues, from
which we also found that the ASCT2 expression was significantly
lower in AR mouse nasal mucosal B cells than that in naive control
B cells (Fig. 6l); the frequency of eosinophils and mast cells were
increased in the AR group as compared with that in the NC group.
Treating AR mice with SB reduced the frequency of eosinophils
and mast cells in the AR nasal mucosa, that was abolished in the
presence of AS101 (Fig. 6l–o). In addition, treating AR mice with
AS101 alone exacerbated the AR response (data not shown).
Furthermore, by isolating B cells from the mouse nasal mucosa

by cell sorting and analyzed by FACS, we found that the B10 cell
frequency was lower in the AR group than that of the naive
control group. After the SB-therapy, the B10 cell frequency in the
AR nasal mucosa was significantly increased (Fig. 7a, b), that was
reversely associated with the changes of GSK3 phosphorylation in
B cells (Fig. 7c, d), indicating that the SB-therapy suppresses the
GSK3 activation to restore the B10 cell generation in the nasal
mucosa.
In the cells isolated from the nasal mucosa, we also detected

that type 1 regulatory T cells (Tr1 cell, characterized expressing
CD3, CD4, LAG3, CD49b and IL-1022), that were markedly increased
in AR mice with SB-therapy (Fig. 7e–g). The results implicate that
the SB-therapy also increases Tr1 cell development by inhibiting
GSK3 activities in B cells. To verify this, we primed AR B cells
(B cells isolated from AR patients) with CD40L and CpG in the
presence or absence of SB in the culture for 24 h. The B cells were

washed with fresh medium and cocultured with naive CD4+

T cells [isolated from blood samples collected from HC subjects
and the same AR patients (self-AR CD4+ T cells), respectively] for
3 days. Indeed, SB-primed B cells induced about 25% Tr1 cells
from HC CD4+ T cells and self-AR CD4+ T cells, while only about
1% Tr1 cells were detected in those exposed to non-primed AR B
cells (Fig. 8a–c). The induced Tr1 cells could suppress CD4+ T cell
proliferation (Fig. 8d, e). The results demonstrate that GSK3
inhibition can restore the B cell tolerogenic properties, that can
induce immune competent Tr1 cells.

DISCUSSION
The present data show that glutamine catabolism, but not glucose
catabolism, plays a crucial role in B10 cell generation. We found
that the ASCT2 levels were lower in peripheral B cells isolated from
AR patients as compared with that of the HC subjects. The low
ASCT2 expression was correlated with the lower IL-10 expression
in B cells. Since ASCT2 is the transporter of glutamine, the data
indicate that less glutamine can enter B cells of AR patients. This
was verified by in vitro experiments; we found that the induction
of the IL-10 expression in B cells was compromised in the absence
of glutamine in culture, that was not affected by the absence of
glucose. The results emphasize that glutamine is required in the
induction of IL-10 in B cells. The results showed that the GSK3
activation played a key role in the inhibition of IL-10 in B cells. The
GSK3 inhibition could be induced by glutaminolysis. Additionally,
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Fig. 2 Assessment of the effect of glutamine- or glucose-deficiency on the IL-10 expression by B cells. Naive B cells were isolated from
blood samples collected from 20 HC subjects and 20 AR patients; cells were cultured (106 cells/sample) for 24 h with the conditions denoted
on the x-axis of boxplots. Saline: Saline was added to culture. CD40L/CpG: CD40L (1 µg/ml)/CpG (10 µg/ml) were added to culture to activate
B cells. glutamine-d: The glutamine-deficient culture medium. Glucose-d: The glucose-deficient culture medium. a IL-10 mRNA levels in B cells.
b IL-10 levels in culture supernatant. c TNF-α mRNA levels in B cells. d TNF-α protein levels in culture supernatant. e Cell viability (assessed by
trypan blue exclusion assay). f Cell counts. Each dot in boxplots presents data obtained from one sample. *p < 0.05, ***p < 0.001, compared
with the saline group. ###p < 0.001, compared with the HC B cell/CD40L/CpG group. Statistical method: ANOVA+Dunnett’s test. The
experiments were repeated five times.
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we also found that inhibition of GSK3 could promote the IL-10
expression in B cells, that consequently, inhibited experimental AR
by the generation of immune competent Tr1 cells.
B10 cells are one of the major cellular parts in the immune

regulatory system. The B10 cell dysfunction or reduction of B10
cell numbers has been found playing an important role in the
pathogenesis of many immune disorders, such as AR23, allergic
asthma24 and allergic dermatitis25. The immune regulatory
function of B10 cell is mediated primarily through the IL-10
production26. Thus, the induction of IL-10 expression in B cells has
caught much attention. In fact, many attempts have been tried to
induce B cells to produce IL-10, such as IL-10 itself, lipopolysac-
charide, CpG, etc27. The present study found that the IL-10
induction in B cells could be naturally achieved. In other words, in
a physiological environment, one of the major nutrients,
glutamine, serves as an inducer of IL-10 in B cells.
The data show that glutaminolysis in B cells maintains the IL-10

expression by restricting GSK3 activation. glutamine and glucose
are the two major nutritional sources for the cellular energy
suppling. Although the catabolism of both glutamine and glucose
can activate the mTOR signal pathway, mTORc1 can inhibit GSK3
activation. Glutaminolysis mainly activates mTORc19. The less
ASCT2 expression implicates the less glutaminolysis in B cells, and
thus, results in less mTORc1 activation. Such a condition was
mimicked by culturing B cells in glutamine-deficient culture
medium. The results indeed showed less mTORc1 phosphorylation
in B cells, and consequently, the GSK3 phosphorylation was
markedly promoted, and the IL-10 production was diminished.
It has been recognized that GSK3 is a multitasking kinase. The

elevation of GSK3 activity is associated with a number of diseases
including asthma, chronic inflammation, bipolar disorder, arthritis,
cancer, and diabetes28. The present data add novel information to
this study spot by showing that B cells isolated from patients with
AR, one of the allergic diseases, have high GSK3 levels that are
associated with the incompetent in the IL-10 production; this is
presumably because of the decrease in ASCT2. It is naturally
conceivable that the inhibition of GSK3 may reconcile the
condition of immune deregulation in AR subjects. The inference
was verified in an AR animal model study. By administrating a

GSK3 inhibitor, AR response was efficiently alleviated, in which the
generation of Tr1 cells played a crucial role. On the other hand,
besides produced by B10 cells, IL-10 can be produced by other
immune cells, such as tolerogenic DCs; the DC-derived IL-10 also
induce Tr1 cells29. Whether the ASCT2-insufficient or -deficient in
DCs compromises the Tr1 cell induction through the diminished
glutaminolysis and over-activation of GSK3 pathway is an
interesting topic to be investigated.
To our knowledge, this is the first report to describe the

abnormal glutaminolysis and GSK3 activities in AR B cells. The data
demonstrate that the insufficient glutaminolysis results in the
GSK3 over activation; the latter, in turn, inhibits the IL-10
expression in B cells; this may be one of the reasons inducing
B10 cell dysfunction and reducing B10 cell development. It has
been noted that the B10 cell dysfunction is associated with many
immune diseases30. Our data reveal that the energy metabolism
may be abnormal in immune regulatory cells; this may contribute
to the pathogenesis of immune disorders by causing immune
regulatory cell dysfunction. Importantly, the data show that the
inhibition of GSK3 can restore the IL-10 expression in AR B cells;
the latter can induce immune competent Tr1 cells from HC CD4+

T cells as well as self-AR CD4+ T cells. On the other hand, we did
not perform the experiments to observe whether GSK3 reversely
had any effects on regulating the activities of mTORc1 in the
present study, which may be investigated in the future. Others
also observed GSK3 in CD4+ T cells; inhibition of GSK3 promoted
the induction of Tr1 cells31. This further emphasizes the translation
potential of the GSK3 inhibition in the treatment of immune
disorders.
We observed that the ASCT2 levels were lower in B cells of AR

patients as well as in B cells isolated from the AR mouse nasal
tissues. The present data do not provide the causative factors or
mechanism for this result. Further investigation is warranted to
elucidate the etiology of ASCT2 dysfunction in B cells of AR
patients. To find the way increasing ASCT2 expression in AR B cells
may be an efficient approach to improving B10 cell function. As
ASCT2 is involved in cell activities of many cells, whether ASCT2 is
involved in the cell activities of other immune cells, such as DCs
and macrophages, is to be studied. In addition, there are inhibitors
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of ASCT2, such as L-gamma-Glutamyl-p-nitroanilide (GPNA)32,
whether administration of ASCT2 inhibitors facilitates the induc-
tion of AR in animal models is an interesting point; this may be
investigated in the future.
In summary, the present data show that B cells of AR patients

have low ASCT2 levels, that results in low glutaminolysis in B cells,
high GSK3 activities and low IL-10 expression. Inhibition of GSK3
can alleviate experimental AR, suggesting that inhibiting GSK3 can
be a novel therapeutic remedy for the treatment of allergic
disorders, such as AR.

MATERIALS AND METHODS
Reagents
Antibodies (Ab) of mTORc1 (Clone#: 30), phosphor-mTORc1 (59.Ser 2448),
GSK-3α/β (1H8), p-GSK-3α/β (6D3), mTOR (30), p-mTOR (59), LAG3 (D-8, AF
488), CD49b (C-9; AF 594), CD3 (PS1, AF 488), CD4 (5B4, AF 594), CD25 (C-9,
AF 647), CD62L (B-8, AF 488), IL-10 (3C12C12, AF 790), CD19 (B-1, AF 546),
mast cell chymase (CC1, AF790) and CD35 (H-2, AF 594) were purchased
from Santa Cruz Biotech (Santa Cruz, CA). EPX Ab (AF700) was purchased
from Biocompare (South San Francisco, CA). S6 ribosomal protein (54D2)
and phospho-S6 ribosomal protein (Ser235/236) (D57.2.2E) Abs were

purchased from Cell Signaling (Danvers, MA). SB216763, BPTES, rapamycin,
was purchased from Sigma Aldrich (St. Louis, MO). ASCT2 Ab and GLUT1
Ab were purchased from Biorbyt Ltd. (Cambridge, UK). CD40L, ELISA kits of
IL-10 (DY417, D1000B), IL-4 (M4000B), IL-5 (M5000), and IL-13 (M1300MCB)
were purchased from R&D Systems (Minneapolis, MN). ELISA kits of EPX
(F20146) and Mcp1 (CSB-E07430m-1) were purchased from DakeweBio-
Mart (Shenzhen, China). CpG (ODN 2006) was purchased from InvivoGen
(San Diego, CA). DMOG was purchased from MCE (New Jersey). Reagents
and materials for RT-qPCR and western blotting were purchased from
Invitrogen (Carlsbad, CA).

Human subjects
Patients with perennial AR and healthy control (HC) subjects were
recruited into this study at Longgang ENT Hospital affiliated to
Shenzhen University and Shenzhen Hospital of Southern Medical
University from May 2019 to October 2020. The diagnosis and
management of AR were carried out by our doctors following our
routine procedures that also can be found elsewhere33. Briefly, AR
patients have AR history more than 2 years; paroxysmal sneezing, nasal
congestion, and profound nasal discharge. Air borne allergen skin prick
test positive and positive specific IgE in the serum. The general data of
human subjects are presented in Table 1. Patients have any of the
following conditions were excluded, including autoimmune diseases,
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severe organ diseases, cancers, and during treatment of immune
suppressors for any reasons. AR patients during allergen specific
immunotherapy were excluded. All the recruited AR patients did not
use any anti-allergy treatment at least for 3 days before the sample
collection. The experimental procedures were approved by the Human
Ethical Committee at Shenzhen University. A written informed consent
was obtained from each human subject.

Isolation peripheral blood mononuclear cells (PBMC)
Blood samples (20 ml per person) were collected from human subjects
through the ulnar vein puncture. PBMCs were isolated from the samples by
Percoll gradient density centrifugation.

Cell culture
Cells were cultured in RPMI1640 medium supplemented with 10% fetal calf
serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 2mM glutamine.
For B cell culture, CD40L (1 µg/ml) was added to the culture to avoid B
cell apoptosis. Viability of cells was determined by the Trypan blue
exclusion assay, that was greater than 99% before handling over for further
experiments.

Fluorescence-activated cell sorting (FACS)
In the surface staining, cells were stained with fluorescence-conjugated
Abs (Ab types are detailed in figures) or isotype IgG in 1:100 dilution for
30min at 4 °C, washed with PBS three times and analyzed with a flow
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Fig. 5 Assessment of the effects of GSK3 activation in glutaminolysis-induced IL-10 expression in B cells. a–d B cells were isolated from
blood samples of HC subjects (n= 10) and AR patients (n= 10), and immediately analyzed by western blotting. The immunoblots show the
GSK3 phosphorylation status in B cells; boxplots show blot density. e–k Naive B cells were treated with the reagents in the culture as denoted
below each panel. CD40L: 1 µg/ml. Glutamine: The presence of glutamine in the culture. CpG: 10 µg/ml. BPTES: 10 µM. GSK3 inhibitor
(SB216763, 10 µM). The immunoblots show the GSK3 phosphorylation status in B cells (e, h); boxplots show blot density (f, g, i, j). k Boxplots
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cytometer (BD FACSCanto II). In the intracellular staining, brefeldin A
(1mM) was added to the culture in last 2 h. Cells were fixed with 1%
paraformaldehyde (containing 0.05% Triton X-100 to increase the cell
membrane permeability) for 1 h at room temperature, washed with
PBS, and processed with the same procedures of surface staining. The
FACS data were analyzed with the Flowjo software package (TreeStar

Inc., Ashland, OR) with the data obtained from isotype IgG staining as
gating references.

Immune cell purification by cell sorting with FACS
Cells were stained with fluorescence-labeled Abs (detailed in
figures) and sorted by FACS (BD FACS Aria). Purity of isolated cells
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Fig. 6 SB-therapy alleviates experimental AR. a A schematic of AR mouse model preparation. b–k AR mice were treated with NS (saline) or
SB or SBi (both SB and AS101, an inhibitor of IL-10) in nasal instillation (AS101= 1mg/ml; SB= 1mg/ml) daily for 1 week. Scatter dot plots
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cell counts; scatter plots show Eo frequency and mast cell frequency. MCC mast cell chymase. The data are presented as mean ± SD;
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was checked by FACS. If purity did not reach 95%, purification was
repeated.

Assessment of IL-10 mRNA levels in B cells by real-time
quantitative RT-PCR (RT-qPCR)
RNA was extracted from B cells with TRIzol reagents, and converted to
cDNA with a reverse transcription kit following the manufacturer’s
instruction. The cDNA samples were amplified in a qPCR device (Bio Rad
CFX96 Touch qPCR Detection System) with SYBR Green Master Mix and in
the presence of relevant primers, including IL-10 (gccaagccttgtctgagatg
and aagaaatcgatgacagcgcc) and TNF-α (gtcaacctcctctctgccat and ccaaagt
agacctgcccaga). The data were processed by the 2−ΔΔCt method and
presented as relative expression.

Enzyme-linked immunosorbent assay (ELISA)
Cytokine levels in culture supernatant and the nasal secretion were
determined by ELISA with commercial reagent kits following the
manufacturer’s instruction.

Assessment of the role of glutamine or glucose in IL-10
expression in B cells
To test the role of glutamine in the IL-10 expression in B cells, glutamine-
deficient or glucose-deficient culture medium was employed for cell
culture. The medium was prepared by Sigma Aldrich.

Induction of IL-10 expression in B cells
B cells were cultured in the presence of CD40L (1 µg/ml) and CpG (ODN
2006, 10 µg/ml) for 24 h. The expression of IL-10 in B cells was assessed by
RT-qPCR with RNA extracts from B cells. The IL-10 levels in culture
supernatant were determined by ELISA.

Western blotting
Proteins were extracted from cells, fractioned by SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis), and transferred onto a
PVDF (polyvinylidene fluoride) membrane. The membrane was blocked
with 5% skim milk for 30min, incubated with primary Abs (diluted to
1:300–500; Ab types are detailed in figures) overnight at 4 °C, washed with
TBST (Tris-buffered saline containing 0.05% Tween 20) three times,
incubated with horseradish peroxidase-labeled second Abs (diluted to
1:5000) for 2 h at room temperature, washed with TBST three times.
Immunoblots on the membrane were developed with the enhanced
chemiluminescence and photographed in the ChemiDoc imaging system
(UVP, Cambridge, UK). The integrated density of immunoblots was
determined by ImageJ software (NIH).

Development of experimental AR in a murine model
BALB/c mice (6–8-week-old) were purchased from the Guangdong
Experimental Animal Center (Guangzhou, China). Mice were maintained
in a specific pathogen-free facility and allowed to access food and water
freely. The animal experimental procedures were approved by the Animal
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Ethical Committee at Shenzhen University. Following published proce-
dures21 that included 4 phases. In phase I, mice were sensitized by
injecting with OVA (0.1 mg/mouse) mixed in 0.1 ml Alum (Sigma Aldrich)
on the back skin on day 0 and day 7, respectively. In phase II, from day 13
to day 21, mice were treated with OVA-containing nasal instillation (30 µl/
nostril; 1 mg OVA/ml) daily. In phase III, from day 28 to day 35, mice were
undergone the therapy of nasal instillation containing SB (30 µl/nostril;
1 mg SB/ml), or AS101 (an inhibitor of IL-1034; 30 µl/nostril; 1 mg AS101/
ml), or saline, daily. Phase IV (challenge with OVA) was performed on day
43 (see below).

Assessment of AR response in mice
One day after completing the 1-week SB-therapy, mice were challenged
with OVA-containing nasal instillation (30 µl/nostril; 5 mg OVA/ml). During
30min after nasal instillation, the counts of scratching the nasal skin (nasal
itch) and sneezing counts were recorded, and nasal discharge (nasal
secretion) was collected from the nostrils. The mice were then sacrificed
by cervical dislocation. The nasal cavities were opened longitudinally
immediately after the sacrifice. All nasal tissues were collected with a curet.
Because of small volume, the nasal tissue from five mice were pooled as
one sample in the present study. A small part of the nasal tissues was used
to extract proteins to be analyzed in cytokine assessment by ELISA.

Isolation immune cells from the mouse nasal tissues
The nasal tissues were cut into small pieces (2 × 2 × 2mm), digested by
incubating with collagenase IV (0.5 mg/ml) for 30min at 37 °C. Single cells
in the lysates were filtered through a cell strainer (70 µm first, then 40 µm).
Cells were then resuspended in culture medium for immune cell
purification by cell sorting with FACS.

Induction of IL-10 expression in B cells
B cells were purified from PBMCs and cultured in the presence of CD40L
(1 µg/ml) and CpG (10 µg/ml). For B cells collected from AR patients,
SB216763 (SB, 1 µg/ml) was added to the culture. Three days later, B cells
were harvested and analyzed by FACS. Supernatant was analyzed by ELISA.

B10 cell isolation
After exposure to CD40L/CpG/SB in the culture for 3 days, B cells were
stained with AF 488-CD19 and AF 597-CD35, and sorted by FACS. As
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Fig. 8 Inhibition of GSK3 in AR B cell to restore the capability inducing Tr1 cells. B cells (from AR patients) were primed with CD40L/CpG
in the culture in the presence or absence of SB (10 µM) for 24 h, and cultured with naive CD4+ T cells (from HC subjects, n= 3, and AR subjects,
n= 3) at ratio of 1:10 (B cell:T cell) for 3 days. Cells were then analyzed by FACS. a CD4+ T cells were gated. b Gated cells show Tr1 cell counts.
c Dot plots show Tr1 cell frequency from three independent experiments. d, e CD4+ CD25¯ CD62L+ T cells (Naive CD4+ T cells; from HC
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CD28 Abs for 3 days. Teff proliferation was assessed by FACS. Gated histograms show proliferating Teff counts. Dot plots show proliferating
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Table 1. General data of human subjects.

Item AR Healthy

Male/female 25/25 25/25

Age 31.4 ± 4.3 32.6 ± 3.5

Weight 55.1 ± 8.7 55.5 ± 11.1

Height 158.1 ± 10.1 156.9 ± 12.3

BMI 22.5 ± 3.4 23.3 ± 2.8

AR 50 (100%) 0

AR/asthma 5 (10%) 0

AR/eczema 5 (10%) 0

Total IgE (IU/ml) 355.6 (45.5, 406.1)* 0.31(0.08, 0.34)

Specific IgE (IU/ml) 55.8 ± 22.5 nd

Current smoker 3 (6%) 3 (6%)

Blood neutrophil (109/L) 5.62 (4.16, 6.28) 5.44 (4.25, 6.42)

Blood eosinophil (109/L) 0.33 (0.11, 0.55)* 0.11 (0.06, 0.21)

SPT results

Bermuda grass 3 (6.0%) 0

Pine 5 (10.0%) 0

Poplar 2 (4.0%) 0

Rye 4 (8.0%) 0

Timothy grass 3 (6.0%) 0

Mugwort 2 (4.0%) 0

Mite mix 50 (100%) 0

Mold mix 6 (12.0%) 0

Animal dander 5 (10.0%) 0

The values are presented as mean ± SD or median (IQR).
AR patients with AR, specific IgE serum specific IgE for dust mite, nd not
detectable.
*p < 0.001 (Mann Whitney-U test), compared with healthy controls.
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checked by FACS, more than 96% isolated CD19+ CD35+ B cells were also
IL-10+. This is in line with our previous studies 14.

Generation of Tr1 cells in vitro
CD4+ CD25− CD62L+ T cells were isolated from PBMCs collected from HC
subjects by FACS. B10 cells were prepared as described above. B10 cells
and CD4+ T cells were cocultured at a ratio of 1:10 in the presence of
CD40L (1 µg/ml), PMA (50 ng/ml), ionomycin (100 ng/ml). Three days later,
cells were stained with fluorescence-labeled LAG3 Ab and CD49b Ab, and
sorted by FACS. As checked by FACS, the isolated LAG3+ CD49b+ T cells
also IL-10+. This is in line with previous reports 22.

Assessment of Tr1 cells’ immune suppressive function
CD4+ CD25− CD62L+ T cells were isolated from HC PBMCs by FACS
and labeled with CFSE; the cells were used as naive CD4+ T cells. Tr1 cells
were prepared as described above. Tr1 cells and naive CD4+ T cells were
cocultured at a ratio of 1:10 in the presence of anti-CD3/CD25 Ab (5 µg/ml
of each). Three days later, the cells were analyzed by FACS (the CFSE
dilution assay). CD4+ T cell proliferation was assessed and used as an
indicator of Tr1 cell’s immune suppressive function.

Statistics
The difference between two groups was determined by Student t test (for
normally distributed data) or Mann Whitney-U test (for non-normally
distributed data). Multiple comparisons were performed with ANOVA
followed by the Dunnett’s post hoc test. P < 0.05 was set as a significant
criterion.
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