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With the rapid development of industry and farm, fungi contamination widely exists
in occupational environment. Inhalation of fungi-contaminated organic dust results in
hypersensitivity pneumonitis. 1,3-p-Glucan is a major cell wall component of fungus and
is considered as a biomarker of fungi exposure. Current studies showed that 1,3-p-glu-
can exposure induced lung inflammation, which involved uncontrolled T helper (Th) cell
immune responses, such as Th1, Th2, Th17, and regulatory T cell (Treg). A recently
identified IL-10-producing B cells (B10) was reported in regulating immune homeostasis.
However, its regulatory role in hypersensitivity pneumonitis is still subject to debate. In
our study, we comprehensively investigated the role of B10 and the relationship between
B10 and Treg in 1,3-p-glucan-induced lung inflammation. Mice with insufficient B10
exhibited more inflammatory cells accumulation and severer pathological inflammatory
changes. Insufficient B10 led to increasing Th1, Th2, and Th17 responses and restricted
Treg function. Depletion of Treg before the onset of inflammation could suppress B10.
Whereas, Treg depletion only at the late stage of inflammation failed to affect B10. Our
study demonstrated that insufficient B10 aggravated the lung inflammation mediated
by dynamic shifts in Th immune responses after 1,3-p-glucan exposure. The regulatory
function of B10 on Th immune responses might be associated with Treg and IL-10. Treg
could only interact with B10 at an early stage.

Keywords: regulatory B cells, T helper imnmune responses, 1,3-$-glucan, lung inflammation, occupational disease

INTRODUCTION

Organic dust exists widely in the occupational environment, such as farm and industries that process-
ing hay, paper, fur, or household waste (1, 2). Inhalation of organic dust induces acute or chronic lung
inflammation, named as hypersensitivity pneumonitis. And its latent period ranges from several
hours to several months (3). Although it is curable in some cases, granulomatous inflammation
may result in irreversible fibrosis (4). The etiology of hypersensitivity pneumonitis in organic dust
working environments includes kinds of microorganism and animal antigens. Epidemiologic study
demonstrates that fungi concentration is much higher in jute, fur, or silk-processing workshops,
which seriously damage the workers’ health in occupational environment. Organic dust exposure
is often characterized by high levels of viable fungi and fungal spores, which drew considerable
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attention (5, 6). 1,3-B-Glucan is a major cell wall component of
fungi and is considered as a biomarker of fungi exposure (7).

Existing evidence supports an obvious relationship between
the airborne level of 1,3-B-glucan and the respiratory symptom
(4). Abundant immune cells are reported to be involved in
1,3-B-glucan-induced lung inflammation, including neutrophils,
macrophages, and lymphocytes especially. This suggests that both
innate and adaptive immune responses took part in 1,3-p-glucan-
induced lung inflammation. Patients with hypersensitivity pneu-
monitis exhibit high percentage of lymphocytes in peripheral
blood, which indicates a crucial role of lymphocytes in the devel-
opment of hypersensitivity pneumonitis (8). We have previously
showed that multiple CD4* T lymphocyte responses dominated
in different stages after 1,3-p-glucan exposure, including T helper
(Th)1, Th2, Th17, and regulatory T cell (Treg) (9, 10). Exogenous
1,3-p-glucan induces numerous kinds of inflammatory cytokines
and chemokine through NF-kB and NLRP3 signal pathways (11,
12). And then activates the Thl response and Th2 response in
sequence. Th17 response also participates in the initial acute
inflammation. Besides, we have previously demonstrated that
Treg impacted on the Th1/Th2 immune responses skewed to
Thl predominance. Treg depletion modulates the process of
1,3-p-glucan-induced lung inflammation and the later fibrosis
pathological change (9).

Besides these classical T cell subtypes, a novel regulatory B cell
is reported to be capable of controlling autoimmune disease, aller-
gic disease, and tumorigenesis (13-15). B cell depletion increases
asthma-like airway inflammation in mice (16, 17). Activation
of CD19*CD1d" B cells suppresses allergic lung inflammation
(18-20). CD19*CD24"CD38" B cells possess regulatory function
in pneumonia patients and are associated with later development
of its complication (21). Although there is various phenotypes for
regulatory B cells, such as CD1d"CD5*, CD21*CD23*, or TIM-
1*, several reports describe an IL-10-producing B cells (B10) in
controlling chronic intestinal inflammation and experimental
autoimmune encephalomyelitis (22, 23). Therefore, CD19 and
IL-10 are used as markers for B10 (24). B10 could modulate Th
immune responses by affecting the secretion of inflammatory
cytokines, such as IFN-y, IL-12, and IL-17 (19, 25). Study in vitro
demonstrates that IL-10-overexpressing B cells were able to
suppress the secretion of inflammatory cytokines, the matura-
tion of dendritic cells, and the antigen-specific proliferation
(26). Transfer of antigen-specific IL-10-depleted splenic B cells
restores experimental ovalbumin (OVA)-induced allergic airway
inflammation (16). CD22 was dominantly expressed on B cells
and considered to play an important role in regulating B cells
by binding to its ligand. Preferential depletion of B10 by using
anti-CD22 antibody could amplify the focal and systematic
inflammation (27, 28). However, the regulatory mechanism of
B10 in lung inflammation is still subject to debate. Some believe
that IL-10 is instrumental for B10s suppressive effect (16, 29).
And Treg is reported to help the regulatory function of B10
(20,30). However, other evidence shows the regulatory role of B10
is Treg-independent (31, 32). Whether the regulatory function
of B10 relies on Treg is still dubious. The regulatory mechanism
of B10 in 1,3-p-glucan-induced lung inflammation is not well
understood.

In this study, we investigated the role of B10 during the
development of 1,3-p-glucan-induced lung inflammation. The
regulatory effect of B10 on 1,3-p-glucan-induced Th responses
was investigated, and the reciprocal relationship between B10 and
Treg was discussed. We concluded that insufficient B10 aggra-
vated the lung inflammation via promoting different Th immune
responses during different stages after 1,3-f-glucan exposure. The
regulatory function of B10 on Th immune responses might be
associated with Treg and IL-10. Treg could only interact with B10
at an early stage.

ANIMALS AND METHODS

Animals

Healthy female C57BL/6 mice at 6-8 weeks age were purchased
from SLAC Laboratory Animal Co. Ltd. (Shanghai, China). All
animals were housed in a specific-pathogen-free environment
and maintained on standard mouse chow at an environmental
temperature of 24 + 1°C, with 12 h light/12 h dark cycles, and
water ad libitum.

1,3-p-Glucan Exposure

Eighty-four female mice were randomly allocated into five groups
according to weight as follows: saline group, saline + anti-CD22
group, glucan group, glucan +anti-CD22 group, and glucan +anti-
CD25 group. Zymosan A (1,3-p-glucan) from Saccharomyces
cerevisiae (Z4250), purchased from Sigma-Aldrich Inc. (St. Louis,
MO, USA), was dissolved in sterile saline to a final concentration
of 6 mg/ml. Female mice were anesthetized with intraperitoneal
injection of 2% pentobarbital sodium (45 mg/kg body weight).
Mice received 0.3 mg/50 pl zymosan solution intratracheally to
induce lung inflammation. Control mice received 50-pl sterile
saline at the same time.

B10/Treg Depletion

To deplete CD19*IL10" regulatory B cells, mice were injected
intraperitoneally with 300 pg anti-CD22 antibody (KH2014176,
F239, Sangon Biotech, Shanghai, China) 1 day before 1,3-8-glucan
exposure and repeatedly treated every 7 days for continuing
depletion (27, 28). To deplete CD4*Foxp3* Treg, mice received
intraperitoneal injection of 100 pg of anti-CD25 mAb (PC61;
BioLegend, San Diego, CA, USA) as described previously (9).
IgG1 was used as control.

Bronchoalveolar Lavage

The whole experimental procedure was showed in Figure 1. In
brief, mice were sacrificed on 1, 7, or 21 days after 1,3-p-glucan
exposure. Bronchoalveolar lavage fluid (BALF) was obtained and
centrifuged at 1,500 rpm for 8 min at 4°C. RBCs were lysed, and
the BALF cell pellet was washed and resuspended in phosphate-
buffered saline (PBS). The total cell counts were determined using
standard hematological procedures. BALF cytospin was prepared
and stained using the Wright-Giemsa method. In brief, three
major inflammatory cells could be observed under the optical
microscope (200X): polymorphonuclear neutrophils, small and
medium-sized lymphocytes, and large macrophages with visible
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FIGURE 1 | Schematic diagrams of the experimental design. To deplete IL-10-producing B cells, C57BL/6 mice were treated i.p. with anti-CD22 Ab on 1 day
before 1,3-p-glucan exposure and on days 6, 13, and 20 after 1,3-p-glucan exposure for continuous depletion. Anti-CD25 Ab was applied on either 1 day before
1,3-p-glucan exposure or on day 20 after 1,3-p-glucan exposure to deplete regulatory T cell on the two separate stages during 1,3-p-glucan-induced lung
inflammation. Mice were sacrificed on days 1, 7, and 21. The bronchoalveolar lavage fluid (BALF), tissues, and cells were collected for the following assay.

cytoplasm. Neutrophils, macrophages, and lymphocytes were
identified in a population of 200 cells using standard morphologi-
cal criteria.

Pathological Examination

Mice lungs were fixed in 4% paraformaldehyde-PBS. The tissue
was embedded in paraffin and cut into 6 pm thick sections. The
tissue sections were stained with H&E for pathological exami-
nation. In general, slides were viewed under Olympus BX51
microscope, and photographic images of lung morphology
were captured at 10 X 20 magnification. Lung inflammation was
graded into four stages and scored as follows (33): 0 point—nor-
mal lung; 1 point—light inflammation, minimal inflammatory
thickening of alveolar walls, limited to the local area involving
<20% of lung area, and normal alveolar structure; 2 points—
medium inflammation and involving 20-50% inflammation
of the entire lung area; 3 points—heavy inflammation, lesion
involving > 50% of the lung area, severe structure distortion,
monocyte infiltration into the alveolar space, and presence of
consolidation.

Isolation of Hilar Lymph Nodes
(HLNs) and Spleen Cells

Hilar lymph nodes were harvested, dissected with dissection
needles, and digested with 0.25% trypsin at 37°C for 5 min. Then,
3% fetal bovine serum PBS was used to quench the digestion.
Samples were centrifuged at 1,500 rpm for 8 min at 4°C. The
HLN cell pellet was washed and resuspended in PBS. The spleen
was removed, ground, and mechanically dissociated in cold PBS.
After lysis of RBCs, spleen cells were washed and resuspended
in PBS.

Flow Cytometry

The HLN and spleen cells were stimulated with Leukocyte
Activation Cocktail (BD Pharmingen, San Jose, CA, USA) and
LPS 10 pg/ml (Sigma-Aldrich, St. Louis, MO, USA) for 5 h,
followed by blocking with purified rat anti-mouse CD16/CD32
(2.4G2; BD Pharmingen) for 10 min at 4°C. Cell-surface stain-
ing was performed with PerCP-Cy5.5 conjugated CD4 (RM4-5;
BD Pharmingen) or PerCP-Cy5.5 conjugated CD19 (1D3; BD

Pharmingen) as described previously (9). Cells were fixed and
permeabilized using a Fixation/Permeabilization kit (eBiosci-
ence, San Diego, CA, USA) or BD Cytofix/Cytoperm™ Fixation/
Permeabilization Solution kit (BD Pharmingen) according to
the manufacturer’s instructions. Then, cells were stained for
20 min at 4°C with Alexa Fluor 488-conjugated IFN-y (XMG1.2;
BD Pharmingen), PE-conjugated IL-17A (TC11-18H10; BD
Pharmingen), Alexa Fluor 647-conjugated Foxp3 (MF23;
BD Pharmingen), or PE-conjugated IL-10 (JES5-16E3; BD
Pharmingen). Stained cells were washed twice in staining buffer
(BD Pharmingen) and resuspended in 1% paraformaldehyde-
PBS. Analysis of cell marker expression was performed using a
FACSCanto II system (BD, Franklin Lakes, NJ, USA). Dead cells
were gated out depending on forward scattering and side scatter-
ing. Cells were analyzed with FlowJo software.

Cytomeric Bead Arrays (CBA)

Secreted protein levels in BALF were examined by CBA assay
using mouse Th1/Th2/Th17 cytokine kit (BD Pharmingen)
following the manufacturer’s instructions. Generally, multiple
capture beads were mixed together, including TNF-a, IL-6,
IFN-y, IL-4, IL-17, and IL-10. The mixed capture beads were
cocultured with 50 ul BALF supernatant and detection reagent
for 2 h. The beads were washed carefully and suspended. Samples
were analyzed by FACSCanto II system (BD). Data were analyzed
with FCAP Array software.

RNA Extraction and Real-time RT-PCR

Total RNA was isolated from lung homogenates using the TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. The RNA concentration and the A260/
A280 ratio were determined using a UV spectrophotometer.
Primers and Tagman probes were designed with Primer3,’
and the sequences were checked by performing a BLAST
search.? The primer sequences were as shown in Table 1.
PrimeScript RT kit (DRR047A, Takara, Japan) and PrimeScript
RT-PCR kit (DRR096A, Takara, Japan) were used for real-time

'http://bioinfo.ut.ee/primer3-0.4.0/primer3/.
*http://blast.ncbi.nlm.nih.gov/Blast.cgi.
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RT-PCR analysis. The expressions of different cytokines in mice
lung were determined using standard methodologies described
previously (9).

Statistical Analyses

Data were analyzed for statistical significance using SPSS 19.0
software. The differences between values were evaluated through
a one-way analysis of variance followed by pair-wise comparison
with the Student-Newman-Keuls test. P < 0.05 was considered
statistically significant. All values are means + SEM.

RESULTS

B10 Participated in Controlling 1,3--

Glucan-Induced Lung Inflammation

To study the role of B10 in 1,3-B-glucan-induced lung inflam-
mation, B10 deficiency mice model was setup by injection
of anti-CD22 antibody every 7 days. CD22 was dominantly
expressed in B cells and was involved in the survival and
regulation of B10 cells. Application of anti-CD22 antibody could
preferentially deplete B10 in mice (34). In the present study, flow
cytometry was performed to show whether B10 was involved
in 1,3-p-glucan-induced lung inflammation. The percentage of
CD19*IL-10* B cells in the HLN increased obviously on day 1
after 1,3-p-glucan exposure (Figures 2A,B). Then, the percentage

TABLE 1 | The primer sequences used for real-time PCR.

Target gene Sequence
IL-6 Forward 5'-3’ CAACGATGATGCACTTGCAGA
Reverse 5-3’ CTCCAGGTAGCTATGGTACTCCAGA
TNF-a Forward 5'-3’ ACTCCAGGCGGTGCCTATGT
Reverse 5'-3’ GTGAGGGTCTGGGCCATAGAA
IFN-y Forward 5-3' AAGCGTCATTGAATCACACCTG
Reverse 5'-3’ TGACCTCAAACTTGGCAATACTC
T-bet Forward 5-3' TCAACCAGCACCAGACAGAGA
Reverse 5'-3’ TCCACCAAGACCACATCCAC
IL-4 Forward 5'-3’ ACGGAGATGGATGTGCCAAAC
Reverse 5'-3’ AGCACCTTGGAAGCCCTACAGA
IL-13 Forward 5-3' CCCCTGTGCAACGGCAGCAT
Reverse 5'-3’ GAAGGGGCCGTGGCGAAACA
GATA3 Forward 5-3' GGATGTAAGTCGAGGCCCAAG
Reverse 5'-3’ ATTGCAAAGGTAGTGCCCGGTA
IL-2 Forward 5'-3’ CCCAGGATGCTCACCTTCA
Reverse 5'-3’ GCAGAGGTCCAAGTTCATCTTC
IL-17a Forward 5-3' GCAAAAGTGAGCTCCAGAAGG
Reverse 5'-3’ TCTTCATTGCGGTGGAGAGTC
IL-23 Forward 5-3' ACATGCACCAGCGGGACATA
Reverse 5'-3 CTTTGAAGATGTCAGAGTCAAGCAG
ROR-yt Forward 5-3' ACGGCCCTGGTTCTCATCA
Reverse 5'-3’ CCAAATTGTATTGCAGATGTTCCAC
Foxp3 Forward 5'-3' CCCATCCCCAGGAGTCTTG
Reverse 5'-3’ ACCATGACTAGGGGCACTGTA
CTLA-4 Forward 5'-3’ TCCGGAGGTACAAAGCTCAACTG
Reverse 5-3’ ACCATGGCTGCTAGCCAACAC
IL-10 Forward 5-3' GGGGCCAGTACAGCCGGGAA
Reverse 5'-3’ CTGGCTGAAGGCAGTCCGCA
TGF-B Forward 5-3' TGTGGAACTCTACCAGAAATATAGC
Reverse 5-3’ GAAAGCCCTGTATTCCGTCTC
GAPDH Forward 5'-3’ CAATGTGTCCGTCGTGGATCT
Reverse 5-3’ GTCCTCAGTGTAGCCCAAGATG

of CD19*IL-10" B cell decreased to the same level as that
in saline group mice at day 7 and day 21. Similar result was
observed in spleen (Figures 2C,D). The isotype staining control
was showed in Figure 2E. Next, to demonstrate its role, a B10
depletion mouse model was generated by anti-CD22 antibody
injection. Compared with the glucan group, mice treated with
anti-CD22 showed decreased percentage of CD19*IL-10* B cell
in both HLN and spleen on days 1, 7, and 21 after 1,3-B-glucan
exposure. Meanwhile, anti-CD22 treatment could not influ-
ence the percentage of CD19*IL-10* B cell in normal saline
control mice. Therefore, anti-CD22 treatment could abrogate
1,3-B-glucan-induced B10 induction.

The accumulation of inflammatory cells was observed after
1,3-B-glucan exposure. Giemsa-Wright staining was performed
to count inflammatory cells in BALF. As showed in Figure 3, mas-
sive inflammatory cells accumulated on day 1 after 1,3-f-glucan
exposure, including neutrophils, macrophages, and lymphocytes.
Anti-CD22 treatment further increased the total inflammatory
cells number in BALF on day 1 after 1,3-pB-glucan exposure
(Figure 3A). Although no significant difference of total cells was
observed between the glucan group mice and the glucan + anti-
CD22 group mice, anti-CD22 treatment induced an apparent
increase of neutrophilsand a considerable increase of lymphocytes
on day 7 after 1,3-B-glucan exposure (Figures 3B,D). On day 21,
anti-CD22 treatment significantly increased the accumulation of
macrophages in BALF compared with that in the glucan group
mice and the saline group mice (Figure 3C). Thus, anti-CD22
treatment led to the accumulation of more inflammatory cells in
BALE primarily early neutrophils, lymphocytes, and late mac-
rophages after 1,3-f-glucan exposure.

To study the impact of B10 on the pathogenesis of
1,3-B-glucan-induced lung inflammation, the pathological
changes of mice lung were observed after H&E staining. And the
pathological score of lung inflammation was showed in Table 2.
No obvious abnormalities were observed in the saline group and
the saline + anti-CD22 group, which indicated that anti-CD22
treatment could not induce obvious pathological changes in lung
(Figure 4A). Mice in the glucan group showed a large infiltration
of inflammatory cells and exhibited alveolar septal thickening
on day 1 after 1,3-p-glucan exposure. And then, a considerably
reduced inflammation was observed on day 7 after 1,3-B-glucan
exposure. The inflammation in the glucan group mice almost
recovered on day 21 after 1,3-B-glucan exposure. Compared with
the glucan group, mice in the glucan + anti-CD22 group demon-
strated severer infiltration of inflammatory cells on day 1. Mice
treated with anti-CD22 continuously showed the infiltration of
inflammatory cell and thickened alveolar septal on day 7 after
1,3-B-glucan exposure. The remission of inflammation was not
observed in the glucan + anti-CD22 group even on day 21 after
1,3-B-glucan exposure. Taken together, anti-CD22 treatment
exacerbated the inflammatory pathology changes in mice lung
after 1,3-fB-glucan exposure.

To further evaluate the inflammatory changes in lung, the rep-
resentative pro-inflammatory cytokines, IL-6 and TNF-a, were
examined by real-time PCR and CBA. 1,3-p-Glucan exposure led
to increased expressions and secretions of both IL-6 and TNF-«
in mice lung and BALF on day 1. The expression of TNF-« in the
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treated i.p. with 300 pg anti-CD22 monoclonal antibody or control IgG, and the percentage of CD19+IL-10* regulatory B cells (B10) in the hilar lymph node was
assayed by flow cytometry. (C,D) Percentage of B10 in spleen is shown in the graph. (E) The gating strategy of B10 in flow cytometry (n = 5; *P < 0.05 compared
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glucan + anti-CD22 group was increased significantly compared
with that in glucan group on day 1 (Figure 4D). The secretion of
TNF-a in the glucan + anti-CD22 group was increased signifi-
cantly on day 7 (Figure 4E). The expression and secretion of IL-6
also got a considerable increase in glucan + anti-CD22 group mice
compared with glucan group mice on day 1 (Figures 4B,C). The
enhanced levels of IL-6 and TNF-a induced by anti-CD22 treat-
ment were still obvious even on day 7 after 1,3-p-glucan exposure
compared with the glucan group. These combined results indicate
that insufficient B10 could aggravate the lung inflammation after
1,3-p-glucan exposure.

B10 Regulated Th Immune Responses
during 1,3--Glucan-Induced Lung

Inflammation
According to existing studies, Th immune responses played
crucial roles in the development of 1,3-p-glucan-induced lung
inflammation. Th1 response was elevated at early stage, and Th2
response became predominant at late stage. In addition, Th17
response also took part in the inflammatory progress. To study
whether B10 regulated 1,3-f-glucan-induced lung inflamma-
tion by affecting Th immune responses, the phenotype of CD4*
T lymphocyte in HLN and the levels of cytokines were checked.
As showed in Figure 5, the percentage of IFN-y-producing
CD4" T cell (Thl cell) was increased in anti-CD22-treated

mice at early stage (days 1 and 7) after 1,3-p-glucan exposure
(Figures 5A,B). Anti-CD22 treatment increased the level of
typical Th1 cytokine, IFN-y, on day 1 after 1,3-f-glucan exposure.
And the increase of IFN-y in the glucan + anti-CD22 group was
still obvious on day 7 while its level in the glucan group reduced
to the control level (Figures 5C,D). Although its expression
could be associated with many immune cells, T-bet was originally
considered as the typical Thl transcription factor, which plays
important roles in coordinating immune response. In this study,
the expression of T-bet was increased considerably by anti-CD22
treatment after 1,3-p-glucan exposure (Figure 5E). These data
suggest that insufficient B10 enhanced the Th1 response at early
stage of lung inflammation induced by 1,3-f-glucan.

Next, the expressions of Th2 representative cytokines were
examined by real-time PCR. In line with our previous study,
the elevated IL-4 expression was observed at the late stage
after 1,3-p-glucan exposure. Anti-CD22 treatment apparently
increased its expression on day 21 compared with that in the
glucan group (Figure 6A). Similar tendency was observed in
the expression of IL-13. The obvious IL-13 induction did not
appeared until day 21 after 1,3-p-glucan exposure. However,
anti-CD22 treatment increased the expression of IL-13 earlier
on day 1 after 1,3-B-glucan exposure and kept its level continu-
ously rising up to peak on day 21 (Figure 6B). The expression
of typical Th2 transcription factor GATA3 increased significantly
in the glucan + anti-CD22 group mice compared with that in
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FIGURE 3 | Insufficient IL-10-producing B cells enhances accumulation of inflammatory cells in lung after 1,3-g-glucan exposure. (A) Total cells,
(B) neutrophils, (C) macrophages, and (D) lymphocytes in bronchoalveolar lavage fluid were counted using Giemsa staining. The experiment was repeated twice
(n = 5; *P < 0.05 compared between groups).

TABLE 2 | Inflammation score in each group at days 1, 7, and 21.

Groups 1 day after 7 days after 21 days after
1,3-p-glucan 1,3--glucan 1,3-p-glucan
exposure exposure exposure
Saline 0.060 + 0.040 0.020 + 0.013 0.030 + 0.020
Saline + anti-CD22 0.04 +0.024 0.024 +0.019 0.028 +0.017

Glucan
Glucan + anti-CD22

2.120 + 0.086*
2.840 + 0.060"*

1.5620 £ 0.171*
2.300 + 0.071*#

0.920 + 0.128~
1.720 + 0.066**

The degree of inflammation was assessed by histological analysis of six random fields

per sample (n = 5; *P < 0.05 compared with the saline group; *P < 0.05 compared
with the glucan group).

the glucan group (Figure 6C). This indicates that insufficient B10
elevated Th2 response at late stage of 1,3-p-glucan-induced lung
inflammation.

Besides, Th17 responsealso was studied when mice were treated
with anti-CD22 (Figure 7). Flow cytometry results demonstrated
that the percentage of IL-17-producing CD4* T cell (Th17 cell)
was higher obviously in the glucan + anti-CD22 group than
that in the glucan group especially on day 7 after 1,3-p-glucan
exposure (Figures 7A,B). The expressions of representative
Th17 cytokines also confirmed the role of anti-CD22 treatment.
The levels of both IL-17A and IL-23 were clearly higher in the
glucan + anti-CD22 group than that in the glucan group on day
1, so was the expression of ROR-yt, typical Th17 transcription
factor (Figures 7C-E). These data suggest that insufficient B10
also promoted Th17 response in 1,3-f-glucan-induced lung
inflammation.

The Dual Relationship between B10 and

Treg in Regulating 1,3-p-Glucan-Induced
Lung Inflammation

According to our previous studies, Treg was vital for the regula-
tion of Th immune response during 1,3-p-glucan-induced lung
inflammation. Here, we evaluated whether Treg was involved in
B10 regulation of Th responses. Results from flow cytometry dem-
onstrated that anti-CD22-treated mice showed lower percentage
of Treg after 1,3-p-glucan exposure than glucan group mice
based on its isotype staining control (Figures 8A-C). And the
expression of foxp3, typical Treg transcription factor, decreased
obviously in the glucan + anti-CD22 group mice compared with
that in the glucan group (Figure 8D). What's more anti-CD22
treatment not only reduced the number of Treg but also affected
its functional factor CTLA-4. Real-time PCR discovered consid-
erable restricted level of CTLA-4 in anti-CD22-treated mice on
day 1 compared with mice in the glucan group (Figure 8E). When
1,3-B-glucan-induced lung inflammation developed into the late
stage, anti-CD22 treatment significantly limited the increase of
IL-10 compared with that in glucan group (Figure 8F). Besides,
TGF-p expression also exhibited lower level in anti-CD22-treated
mice than that in the glucan group (Figure 8G). These data sug-
gest that insufficient B10 could limit Treg and influence IL-10
during 1,3-p-glucan-induced lung inflammation.

Considering the controversial relationship between Treg and
B10 based on existing studies, anti-CD25 antibody was used to
deplete Treg in mice at early or late stage separately. As showed
in Figure 9, anti-CD25 injection depleted Treg successfully and
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reduced its functional factors, Foxp3 and CTLA-4 (Figures 9A-C).
Treg depletion led to obviously reduced percentage of B10 in mice
HLN (Figure 9A). Like changes caused by insufficient B10, Treg
depletion led to increased infiltration of inflammatory cells, such
as neutrophils and lymphocytes on day 1 after 1,3-p-glucan expo-
sure (Figure 9D). The expressions of pro-inflammatory cytokines,
TNF-a and IL-6, increased to a variable extent after Treg depletion
(Figures 9E,F). On the one hand, Treg-depleted mice exhibited
higher percentage of Thl cell on day 1 than mice in the glucan
group (Figure 9G). The expressions of IL-2 and T-bet were also
elevated by Treg depletion (Figures 91,]). On the other hand, the
percentage of Th17 cell increased significantly in Treg-depleted
mice (Figure 9K). Levels of classical cytokines and transcript

factor of Th17 response, IL-17A, IL-23, and ROR-yt ascended a lot
by Treg depletion (Figures 9L-N). These data show that depleting
Treg at the early stage could restrict 1,3-p-glucan-induced B10
induction, which indicates a reciprocity between B10 and Treg.
At late stage of 1,3-p-glucan-induced lung inflammation,
Treg-depleted mice exhibited differently from mice with
insufficient B10. As showed in Figure 10, anti-CD25 injection
successfully reduced the percentage of Treg and lowered the
expressions of Foxp3 and CTLA-4 on day 21 after 1,3-p-glucan
exposure (Figures 10A-C). However, Treg depletion did not
influence the percentage of B10 (Figure 10A). There was no
obvious difference in inflammatory cell accumulation between
Treg-depleted mice and mice in the glucan group on day 21 after
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(n = 3). Expression of typical Th1 cytokine IFN-y (C) and its typical transcription factor T-bet (E) were assayed by real-time PCR (n = 5-6; “P < 0.05 compared with

saline group; “P < 0.05 compared with the glucan group).

A 0.000101 B 4e-005- i C 0.025-
*#
* # A
- I n —=—
- 0.00008 T 30005 - Foo020
[a) @] o *#
Q. 0.00006 & * <C0.015 *
5  2e-005 Q
5 0.000044 & S 0.0101
A % ¥ A\ [
=] - % -
o.ooooz-r‘-'-ﬂ = 1e-005 *# 5 0.0054
0.00000- ! | o-m ! ! 0.000- ; |
1day 7day 21day 1day Tday 21day 1day 7day 21day

FIGURE 6 | Insufficient IL-10-producing B cells increases the Th2 response at the late stage of 1,3-#-glucan-induced lung inflammation. Expressions
of typical Th2 cytokine IL-4 (A), IL-13 (B), and its typical transcription factor GATA3 (C) were assayed by real-time PCR (n = 5-6; *P < 0.05 compared with the

1,3-B-glucan exposure (Figure 10F). In addition, the expression
and secretion of IL-13 decreased apparently by Treg depletion at
late stage of lung inflammation (Figures 10G,H). Although B10
was not influenced by Treg depletion, the level of IL-10 decreased
significantly in mice with anti-CD25 injection compared with
that in the glucan group (Figures 10D,E). These data indicate
that depleting Treg at late stage of 1,3-p-glucan-induced lung
inflammation was not able to affect B10.

DISCUSSION

The regulatory role of B cells was not identified until recently
(35). Studies showed that B cells participated in regulating several
T cell-associated diseases, such as inflammation, autoimmune

disease, and tumorigenesis (36). And their diverse phenotypes
were associated with CD1d, CD5, TIM-1, CD38, and CD24 cell-
surface markers in mice and humans. However, none of these
markers uniquely defined all IL-10-producing B cells (B10),
which were reported to participate in chronic inflammation and
allergic disease (14, 27, 37). Thus, CD19 and IL-10 were used to
delineate B10 in the present study. Previous studies on regulatory
B cells used CD19 knockout mice, anti-CD20 antibody neu-
tralization, or IL-10 knockout mice (38). However, these methods
influenced other B cell subsets or other IL-10-producing cells in
addition to B10. CD22 was called inhibitory BCR co-receptors
(39). Although some of other BCR co-receptors were expressed in
other immune cell types such as dendritic cells, CD22 was domi-
nantly expressed on B cells (40). Study demonstrated that CD22
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FIGURE 7 | Insufficient IL-10-producing B cells increases the Th17 response during 1,3-p-glucan-induced lung inflammation. Percentage of CD4*IL-
17A* Th17 cells in the hilar ymph node was assayed by flow cytometry (A,B). Expressions of typical Th17 cytokine IL-17A (C), IL-23 (D), and its typical transcription
factor ROR-yt (E) were assayed by real-time PCR (n = 5-6; *P < 0.05 compared with the saline group; *P < 0.05 compared with the glucan group).

could regulate B cell through both ligand-dependent and ligand-
independent way (41). CD22 was considered to play an important
role in regulating B cells by binding to its ligand (42). Animal
study confirmed that anti-CD22 antibody could preferentially
deplete B10 in mice (34). It’s reasonable that CD22 engagement
is particularly essential for B10 cells. Thus, anti-CD22 antibody
was used in the current study to generate a B10 deficiency mouse
model. Flow cytometry showed that anti-CD22 treatment limited
B10 induction in mice after 1,3-B-glucan exposure. No obvious
difference was observed between B10 percentage in saline group
and B10 percentage in saline + anti-CD22 group. It’s reasonable
to assume that anti-CD22 treatment contributed to deplete the
inducible B10.

IL-10-producing B cells (B10) have been characterized as a
suppressive immune regulatory cell. Lack of B10 could amplify
the allergic inflammation (43). In the present study, inadequate
endogenous B10 led to intensive accumulation of inflammatory
cells, including neutrophils, lymphocytes, and macrophages,
which was similar to thatin OVA-immunized mice (22). The exces-
sive inflammatory cells secreted overmuch pro-inflammatory
cytokines, such as TNF-a and IL-6, which could further recruit
much more inflammatory cells. Although TNF-a and IL-6 could
be secreted by a variety of cells, such as activated macrophages,
neutrophils, natural killer cells, T cells, B cells, fibroblast, etc.
In this study, neutrophils, macrophages, and lymphocytes were
three major contributors to the increase of TNF-aand IL-6. Since
the most obvious changes of TNF-a and IL-6 were observed at
day 1, when the changes of total cells were changed a lot. And the
increase of TNF-aiand IL-6 was notso significant when the changes
of total cells showed no difference at day 7 and day 21. However,

besides these three types, epithelial cells were also considered to
be a source of these two pro-inflammatory cytokines. Insufficient
B10 aggravated the inflammation, which was accompanied by
the appearance of exacerbated inflammatory cells accumulation,
prolonged inflammatory response, continual thickened alveoli
septum, and severe destroyed alveolar structure. According to
our dynamic observation on pathological changes, insufficient
B10 influenced both the initiation and the development of lung
inflammation. The suppressive function of B10 in lung inflam-
mation was also testified in other inflammatory diseases, such as
asthma and enteritis (34).

Although the detail mechanism of how it participated in T cell
immune responses is not clear, regulatory B cells were clarified
to be associated with Th immune responses, either effector T cell
responses or Treg response (36). In the current study, B10 exerted
its regulatory function via inhibiting Th1/Th17 responses in
early stage and suppressing Th2 response in late stage. Our study
demonstrated that insufficient B10 amplified the Thl response,
according to the increased number of Thl cells, elevated levels
of Thl cytokine IFN-y, and the continued high level of Thl
typical transcription factor T-bet. And this outcome was in
accord with other studies (25, 44). On the other hand, T-bet is
reported to be expressed in many cells of the adaptive and innate
immune system, such as natural killer cells and dendritic cells,
which might contribute to its continued high level at late time
points. Transferring B10 to IL-10 knockout mice inhibited Th1
response in arthritis (45). The proliferation of Th1 cells was not
affected by B10 yet in vitro. Insufficient B10 played an uncertain
role in affecting Th17 response. In the current study, anti-CD22
treatment led to higher level of Th17 response. The negative
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FIGURE 8 | Insufficient IL-10-producing B cells restricts the regulatory T cell (Treg) response during 1,3-f-glucan-induced lung inflammation.
(A) The gating strategy of Treg in flow cytometry. Percentage of CD4*Foxp3* Treg cells in the hilar lymph node was assayed by flow cytometry (B,C). Expressions of
Treg functional molecules Foxp3 (D), CTLA-4 (E), inhibitory cytokines IL-10 (F), and TGF-p (G) were assayed by real-time PCR (n = 5-6; *P < 0.05 compared with
the saline group; *P < 0.05 compared with the glucan group).

correlation between B10 and Th17 response was also reported
(46). Others believed that B10 could inhibit Th17 response only
when Th1 response was absent (47). However, the role of B10 in
influencing Th2 response is still debatable. Some studies believed
that B10 could promote Th2 response, according to its regulation
on Th1/Th2 balance. On the contrary, others illustrated that B10
could control airway disease in Th2-predominant asthma mice
(17). In our study, insufficient B10 increased the levels of Th2
cytokines, IL-4 and IL-13. Insufficient B10 also increased Th2
transcription factor GATA3, which might elevate the expressions
of Th2 cytokines feedback. Taken together, B10 could suppress
Th1, Th2, and Th17 responses to varying extent in different stage
after 1,3-B-glucan exposure.

Previous studies already demonstrated that Treg could obvi-
ously regulate 1,3-p-glucan-induced lung inflammation (9, 10).
Similarly, as a regulatory immune cell subset, whether the regula-
tion of B10 was associated with Treg? The present study showed
that both B10 and Treg were significantly increased in lung
inflammation, which indicated that B10 may also be involved in
the induction of Treg after 1,3-p-glucan exposure. The increased
B10 and Treg contributed to regulate the 1,3-p-glucan-induced
lung inflammation as a result. However, not like the situation of
saline group mice, B10 deficiency mice showed the overwhelm-
ing inflammation after 1,3-B-glucan exposure, which could not

be controlled. Its reasonable to hypothesize that Treg might be
affected by two forces, inflammatory response and the number of
B10. It seems that in this study, the influence of B10 was dominant,
which may need further study to complete testified. Next, what’s
the relationship between B10 and Treg? Some studies indicated
that B10 could increase Treg accumulation through converting
resting non-Treg into Treg (48, 49). Others believed that Treg
could act independently and was not affected by B cell depletion
(50). According to the current study, insufficient B10 could reduce
the number of Treg, as well as the expressions of its typical tran-
scription factor Foxp3 and its functional molecular CTLA-4. Our
study indicates that B10 exerted its suppressive function through
promoting Treg response in 1,3-p-glucan-induced lung inflamma-
tion. Besides of Treg, B10 regulation was based on either cell-cell
contact through surface molecules or by releasing cytokines (51).
Insufficient B10 affected the levels of inhibitory cytokine IL-10
and TGF-f during the late stage of 1,3-B-glucan-induced lung
inflammation, which suggested that regulatory function of B10
was associated with inhibitory cytokine IL-10.

In the opposite direction, whether Treg could also affected
B10? Our study showed that the immune regulation caused
by early Treg depletion was almost same as the effect resulted
from insufficient B10. And depleting Treg before 1,3-B-glucan
exposure decreased the number of B10. This might because
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FIGURE 11 | Schematic representation of the role of B10 in
modulating T helper (Th) immune responses after 1,3-f-glucan
exposure in mice lung.

that Treg could help B10 activation through TLRs ligation (20).
B10 and Treg homeostasis need interacted with each other (52).
Whereas, depleting Treg at late stage after 1,3-p-glucan exposure
was not capable to affect the number of B10. And its modulation
on immune response was different from that caused by insuf-
ficient B10. This might attribute to that Treg depletion occurred
after B10 activation, when B10 could be maintained by other
cells or molecules (36). Thus, it could be seen that there was a
dual relationship between B10 and Treg. These two regulatory
subsets could coordinate with each other at the early stage of
1,3-p-glucan-induced lung inflammation. However, at the late
stage, the regulatory role of B10 was independent with Treg.

As showed in Figure 11, our results indicated that B10 and the
relationship between B10 and Treg might have potential from the
perspective of inflammation treatment.

ETHICS STATEMENT

This study was carried out in accordance with the recommenda-
tions of the National Institute of Health Guide for the Care and
Use of Laboratory Animals and Animal Care and Use Committee
at the China Medical University. The protocol was approved
by the Animal Care and Use Committee at the China Medical
University (CMU62043022).

AUTHOR CONTRIBUTIONS

FL and JC conceived and designed the research; FL, XL, WD, CL,
SD, and YL performed experiments; FL, XL, and WD analyzed
data; FL and DW interpreted results; FL prepared figures and
drafted the manuscript; WD, YC, DW, and JC edited and revised
the manuscript; all authors approved the final manuscript
version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (No. 81302411), the Natural Science
Foundation of Liaoning Province, China for Ph.D. holders (No.
20131143), the Specialized Research Fund for the doctoral
program of higher education (No. 20132104120011), and the
Program for Liaoning Innovative Research Team in University
(LT2015028).

Frontiers in Immunology | www.frontiersin.org

12

April 2017 | Volume 8 | Article 414


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Liu et al.

B10 Regulated B-Glucan-Induced Inflammation

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Paris C, Herin E, Reboux G, Penven E, Barrera C, Guidat C, et al. Working with
argan cake: a new etiology for hypersensitivity pneumonitis. BMC Pulm Med
(2015) 15:18. doi:10.1186/s12890-015-0013-3

Rylander R. Organic dust induced pulmonary disease - the role of mould
derived beta-glucan. Ann Agric Environ Med (2010) 17(1):9-13.

Selman M, Pardo A, King TE Jr. Hypersensitivity pneumonitis: insights in
diagnosis and pathobiology. Am ] Respir Crit Care Med (2012) 186(4):314-24.
doi:10.1164/rccm.201203-0513CI

Glazer CS. Chronic hypersensitivity pneumonitis: important considerations
in the work-up of this fibrotic lung disease. Curr Opin Pulm Med (2015)
21(2):171-7. doi:10.1097/MCP.0000000000000137

Iyer K, Amonkar G, Joshi JM. Hypersensitivity pneumonitis following expo-
sure to lovebirds. Indian ] Chest Dis Allied Sci (2015) 57(1):21-2.

Nordgren TM, Bailey KL. Pulmonary health effects of agriculture. Curr
Opin Pulm Med (2016) 22(2):144-9. doi:10.1097/MCP.0000000000000247
Inoue K, Koike E, Yanagisawa R, Adachi Y, Ishibashi K, Ohno N, et al.
Pulmonary exposure to soluble cell wall beta-(1, 3)-glucan of aspergillus
induces proinflammatory response in mice. Int ] Immunopathol Pharmacol
(2009) 22(2):287-97. d0i:10.1177/039463200902200205

Spagnolo P, Rossi G, Cavazza A, Bonifazi M, Paladini I, Bonella E et al.
Hypersensitivity pneumonitis: a comprehensive review. ] Investig Allergol Clin
Immunol (2015) 25(4):237-50.

Liu E Weng D, Chen Y, Song L, Li C, Dong L, et al. Depletion of
CD4+CD25+Foxp3+ regulatory T cells with anti-CD25 antibody may exac-
erbate the 1,3-beta-glucan-induced lung inflammatory response in mice. Arch
Toxicol (2011) 85(11):1383-94. doi:10.1007/500204-011-0673-6

Chen Y, Liu F, Weng D, Song L, Li C, Tang W, et al. T(reg) cells may regulate
interlukin-17 production by modulating TH1 responses in 1,3-beta-glucan-in-
duced lung inflammation in mice. ] Immunotoxicol (2013) 10(3):253-61.
doi:10.3109/1547691X.2012.711784

Feriotti C, Bazan SB, Loures FV, Araujo EF, Costa TA, Calich VL. Expression
of dectin-1 and enhanced activation of NALP3 inflammasome are associated
with resistance to paracoccidioidomycosis. Front Microbiol (2015) 6:913.
doi:10.3389/fmicb.2015.00913

Legentil L, Paris E, Ballet C, Trouvelot S, Daire X, Vetvicka V, et al. Molecular
interactions of beta-(1—3)-glucans with their receptors. Molecules (2015)
20(6):9745-66. doi:10.3390/molecules20069745

Drolet JP, Frangie H, Guay J, Hajoui O, Hamid Q, Mazer BD. B lymphocytes
in inflammatory airway diseases. Clin Exp Allergy (2010) 40(6):841-9.
doi:10.1111/j.1365-2222.2010.03512.x

Bao Y, Cao X. The immune potential and immunopathology of cytokine-pro-
ducing B cell subsets: a comprehensive review. ] Autoimmun (2014) 55:10-23.
doi:10.1016/j.jaut.2014.04.001

Tedder TF, Leonard WJ. Autoimmunity: regulatory B cells - IL-35 and IL-21
regulate the regulators. Nat Rev Rheumatol (2014) 10(8):452-3. doi:10.1038/
nrrheum.2014.95

vanderVlugtLE,LabudaLA, Ozir-Fazalalikhan A, Lievers E,Gloudemans AK,
Liu KY, et al. Schistosomes induce regulatory features in human and
mouse CD1d(hi) B cells: inhibition of allergic inflammation by IL-10 and
regulatory T cells. PLoS One (2012) 7(2):e30883. doi:10.1371/journal.
pone.0030883

Sorrentino R, Bertolino A, Terlizzi M, Iacono VM, Maiolino P, Cirino G, et al.
B cell depletion increases sphingosine-1-phosphate-dependent airway inflam-
mation in mice. Am J Respir Cell Mol Biol (2015) 52(5):571-83. doi:10.1165/
rcmb.2014-02070C

van der Vlugt LE, Haeberlein S, de Graaf W, Martha TE, Smits HH. Toll-like
receptor ligation for the induction of regulatory B cells. Methods Mol Biol
(2014) 1190:127-41. doi:10.1007/978-1-4939-1161-5_10
vanderVIugtLE,ZinsouJF,Ozir-Fazalalikhan A,Kremsner PG, Yazdanbakhsh M,
Adegnika AA, et al. Interleukin 10 (IL-10)-producing CD1dhi regulatory
B cells from Schistosoma haematobium-infected individuals induce IL-10-
positive T cells and suppress effector T-cell cytokines. J Infect Dis (2014)
210(8):1207-16. doi:10.1093/infdis/jiu257

Khan AR, Amu S, Saunders SP, Hams E, Blackshields G, Leonard MO, et al.
Ligation of TLR7 on CD19(+) CD1d(hi) B cells suppresses allergic lung

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

inflammation via regulatory T cells. Eur | Immunol (2015) 45(6):1842-54.
doi:10.1002/eji.201445211

Song H, Xi J, Li GG, Xu S, Wang C, Cheng T, et al. Upregulation of
CD19CD24CD38 regulatory B cells is associated with a reduced risk of
acute lung injury in elderly pneumonia patients. Intern Emerg Med (2016)
11:415-23. d0i:10.1007/s11739-015-1377-3

Singh A, Carson WE, Secor ER Jr, Guernsey LA, Flavell RA, Clark RB,
et al. Regulatory role of B cells in a murine model of allergic airway disease.
J Immunol (2008) 180(11):7318-26. doi:10.4049/jimmunol.180.11.7318

Yang Q Liang Y, Si L, Ji Q, Xu Q, Zhang Y, et al. Antigen-specific immu-
notherapy regulates B cell activities in the intestine. J Biol Chem (2013)
288(23):16383-90. doi:10.1074/jbc.M113.456202

Wilde B, Thewissen M, Damoiseaux ], Knippenberg S, Hilhorst M,
van Paassen P, et al. Regulatory B cells in ANCA-associated vasculitis. Ann
Rheum Dis (2013) 72(8):1416-9. doi:10.1136/annrheumdis-2012-202986
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(173):173ra23. doi:10.1126/
scitranslmed.3005407

Stanic B, van de Veen W, Wirz OF, Ruckert B, Morita H, Sollner S, et al. IL-10-
overexpressing B cells regulate innate and adaptive immune responses. | Allergy
Clin Immunol (2015) 135(3):771-80.e8. doi:10.1016/j.jaci.2014.07.041
Tedder TF, Matsushita T. Regulatory B cells that produce IL-10: a breath of fresh
air in allergic airway disease. ] Allergy Clin Immunol (2010) 125(5):1125-7.
doi:10.1016/j.jaci.2010.03.024

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 humans that par-
allels mouse regulatory B10 cells. Blood (2011) 117(2):530-41. doi:10.1182/
blood-2010-07-294249

Vazquez MI, Catalan-Dibene J, Zlotnik A. B cells responses and cytokine pro-
duction are regulated by their immune microenvironment. Cytokine (2015)
74(2):318-26. doi:10.1016/j.cyt0.2015.02.007

Choi MS, Park S, Choi T, Lee G, Haam KK, Hong MC, et al. Bee venom
ameliorates ovalbumin induced allergic asthma via modulating CD4+CD25+
regulatory T cells in mice. Cytokine (2013) 61(1):256-65. doi:10.1016/j.
cyt0.2012.10.005

Matsushita T, Yanaba K, Bouaziz JD, Fujimoto M, Tedder TE. Regulatory
B cells inhibit EAE initiation in mice while other B cells promote disease
progression. J Clin Invest (2008) 118(10):3420-30. doi:10.1172/JCI36030

Xiu Y, Wong CP, Bouaziz JD, Hamaguchi Y, Wang Y, Pop SM, et al. B
lymphocyte depletion by CD20 monoclonal antibody prevents diabetes in
nonobese diabetic mice despite isotype-specific differences in Fc gamma
R effector functions. JImmunol (2008) 180(5):2863-75. doi:10.4049/
jimmunol.180.5.2863

Szapiel SV, Elson NA, Fulmer JD, Hunninghake GW, Crystal RG. Bleomycin-
induced interstitial pulmonary disease in the nude, athymic mouse. Am Rev
Respir Dis (1979) 120(4):893-9.

Matsushita T, Horikawa M, Iwata Y, Tedder TE. Regulatory B cells (B10 cells)
and regulatory T cells have independent roles in controlling experimental
autoimmune encephalomyelitis initiation and late-phase immunopathogene-
sis. J Immunol (2010) 185(4):2240-52. d0i:10.4049/jimmunol.1001307

Noh G, Lee JH. Regulatory B cells and allergic diseases. Allergy Asthma
Immunol Res (2011) 3(3):168-77. doi:10.4168/aair.2011.3.3.168

Lund FE, Randall TD. Effector and regulatory B cells: modulators of CD4+
T cell immunity. Nat Rev Immunol (2010) 10(4):236-47. doi:10.1038/
nri2729

Mauri C, Ehrenstein MR. The ‘short” history of regulatory B cells. Trends
Immunol (2008) 29(1):34-40. doi:10.1016/j.it.2007.10.004

Horikawa M, Minard-Colin V, Matsushita T, Tedder TF. Regulatory B cell pro-
duction of IL-10 inhibits lymphoma depletion during CD20 immunotherapy
in mice. J Clin Invest (2011) 121(11):4268-80. doi:10.1172/JCI59266
Nitschke L, Tsubata T. Molecular interactions regulate BCR signal inhibition
by CD22 and CD72. Trends Immunol (2004) 25(10):543-50. doi:10.1016/j.
it.2004.08.002

Tsubata T. CD22 and CD72 are inhibitory receptors dominantly expressed in
B lymphocytes and regulate systemic autoimmune diseases: English version.
Z Rheumatol (2016). doi:10.1007/s00393-015-1577-2

Frontiers in Immunology | www.frontiersin.org

April 2017 | Volume 8 | Article 414


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1186/s12890-015-0013-3
https://doi.org/10.1164/rccm.201203-0513CI
https://doi.org/10.1097/MCP.0000000000000137
https://doi.org/10.1097/MCP.0000000000000247
https://doi.org/10.1177/039463200902200205
https://doi.org/10.1007/s00204-011-0673-6
https://doi.org/10.3109/1547691X.2012.711784
https://doi.org/10.3389/fmicb.2015.00913
https://doi.org/10.3390/molecules20069745
https://doi.org/10.1111/j.1365-2222.2010.03512.x
https://doi.org/10.1016/j.jaut.2014.04.001
https://doi.org/10.1038/nrrheum.2014.95
https://doi.org/10.1038/nrrheum.2014.95
https://doi.org/10.1371/journal.pone.0030883
https://doi.org/10.1371/journal.pone.0030883
https://doi.org/10.1165/rcmb.2014-0207OC
https://doi.org/10.1165/rcmb.2014-0207OC
https://doi.org/10.1007/978-1-4939-1161-5_10
https://doi.org/10.1093/infdis/jiu257
https://doi.org/10.1002/eji.201445211
https://doi.org/10.1007/s11739-015-1377-3
https://doi.org/10.4049/jimmunol.180.11.7318
https://doi.org/10.1074/jbc.M113.456202
https://doi.org/10.1136/annrheumdis-2012-202986
https://doi.org/10.1126/scitranslmed.3005407
https://doi.org/10.1126/scitranslmed.3005407
https://doi.org/10.1016/j.jaci.2014.07.041
https://doi.org/10.1016/j.jaci.2010.03.024
https://doi.org/10.1182/blood-2010-07-294249
https://doi.org/10.1182/blood-2010-07-294249
https://doi.org/10.1016/j.cyto.2015.02.007
https://doi.org/10.1016/j.cyto.2012.10.005
https://doi.org/10.1016/j.cyto.2012.10.005
https://doi.org/10.1172/JCI36030
https://doi.org/10.4049/jimmunol.180.5.2863
https://doi.org/10.4049/jimmunol.180.5.2863
https://doi.org/10.4049/jimmunol.1001307
https://doi.org/10.4168/aair.2011.3.3.168
https://doi.org/10.1038/nri2729
https://doi.org/10.1038/nri2729
https://doi.org/10.1016/j.it.2007.10.004
https://doi.org/10.1172/JCI59266
https://doi.org/10.1016/j.it.2004.08.002
https://doi.org/10.1016/j.it.2004.08.002
https://doi.org/10.1007/s00393-015-1577-2

Liu et al.

B10 Regulated B-Glucan-Induced Inflammation

41.

42.

43.

44,

45.

46.

47.

48.

Poe JC, Fujimoto Y, Hasegawa M, Haas KM, Miller AS, Sanford IG, et al. CD22
regulates B lymphocyte function in vivo through both ligand-dependent
and ligand-independent mechanisms. Nat Immunol (2004) 5(10):1078-87.
doi:10.1038/ni1121

Haas KM, Sen S, Sanford IG, Miller AS, Poe JC, Tedder TF. CD22 ligand bind-
ing regulates normal and malignant B lymphocyte survival in vivo. J Immunol
(2006) 177(5):3063-73. doi:10.4049/jimmunol.177.5.3063

Lundy SK, Berlin AA, Martens TF, Lukacs NW. Deficiency of regulatory B cells
increases allergic airway inflammation. Inflamm Res (2005) 54(12):514-21.
doi:10.1007/s00011-005-1387-0

Lee CC, Wang CC, Huang HM, Lin CL, Leu §J, Lee YL. Ferulic acid
induces Thl responses by modulating the function of dendritic cells and
ameliorates Th2-mediated allergic airway inflammation in mice. Evid
Based Complement Alternat Med (2015) 2015:678487. doi:10.1155/2015/
678487

CarterNA, VasconcellosR,Rosser EC, Tulone C,Munoz-Suano A, Kamanaka M,
et al. Mice lacking endogenous IL-10-producing regulatory B cells develop
exacerbated disease and present with an increased frequency of Th1/Th17 buta
decrease inregulatory T cells. ] Immunol (2011) 186(10):5569-79. d0i:10.4049/
jimmunol.1100284

Zheng M, Xing C, Xiao H, Ma N, Wang X, Han G, et al. Interaction of CD5
and CD?72 is involved in regulatory T and B cell homeostasis. Irmunol Invest
(2014) 43(7):705-16. doi:10.3109/08820139.2014.917096

Durrant DM, Metzger DW. IL-12 can alleviate Th17-mediated allergic lung
inflammation through induction of pulmonary IL-10 expression. Mucosal
Immunol (2010) 3(3):301-11. doi:10.1038/mi.2010.9

Olkhanud PB, Damdinsuren B, Bodogai M, Gress RE, Sen R, Wejksza K,
et al. Tumor-evoked regulatory B cells promote breast cancer metastasis by

49.

50.

51.

52.

converting resting CD4(+) T cells to T-regulatory cells. Cancer Res (2011)
71(10):3505-15. doi:10.1158/0008-5472.CAN-10-4316

Kessel A, Haj T, Peri R, Snir A, Melamed D, Sabo E, et al. Human CD19(+)
CD25(high) B regulatory cells suppress proliferation of CD4(+) T cells and
enhance Foxp3 and CTLA-4 expression in T-regulatory cells. Autoimmun Rev
(2012) 11(9):670-7. doi:10.1016/j.autrev.2011.11.018

Hoehlig K, Shen P, Lampropoulou V, Roch T, Malissen B, O’Connor R,
et al. Activation of CD4(+) Foxp3(+) regulatory T cells proceeds normally
in the absence of B cells during EAE. Eur ] Immunol (2012) 42(5):1164-73.
doi:10.1002/eji.201142242

Rincon-Arevalo H, Sanchez-Parra CC, Castano D, Yassin L, Vasquez G.
Regulatory B cells and mechanisms. Int Rev Immunol (2016) 35:156-76. doi:1
0.3109/08830185.2015.1015719

Zhang M, Zheng X, Zhang J, Zhu Y, Zhu X, Liu H, et al. CD19(+)CD1d(+)
CD5(+) B cell frequencies are increased in patients with tuberculosis and
suppress Th17 responses. Cell Immunol (2012) 274(1-2):89-97. doi:10.1016/j.
cellimm.2012.01.007

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Liu, Lu, Dai, Lu, Li, Du, Chen, Weng and Chen. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

14

April 2017 | Volume 8 | Article 414


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/ni1121
https://doi.org/10.4049/jimmunol.177.5.3063
https://doi.org/10.1007/s00011-005-1387-0
https://doi.org/10.1155/2015/
678487
https://doi.org/10.1155/2015/
678487
https://doi.org/10.4049/
jimmunol.1100284
https://doi.org/10.4049/
jimmunol.1100284
https://doi.org/10.3109/08820139.2014.917096
https://doi.org/10.1038/mi.2010.9
https://doi.org/10.1158/0008-5472.CAN-10-4316
https://doi.org/10.1016/j.autrev.2011.11.018
https://doi.org/10.1002/eji.201142242
https://doi.org/10.3109/08830185.2015.1015719
https://doi.org/10.3109/08830185.2015.1015719
https://doi.org/10.1016/j.cellimm.2012.01.007
https://doi.org/10.1016/j.cellimm.2012.01.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	IL-10-Producing B Cells Regulate T Helper Cell Immune Responses during 1,3-β-Glucan-Induced Lung Inflammation
	Introduction
	Animals and Methods
	Animals
	1,3-β-Glucan Exposure
	B10/Treg Depletion
	Bronchoalveolar Lavage
	Pathological Examination
	Isolation of Hilar Lymph Nodes 
(HLNs) and Spleen Cells
	Flow Cytometry
	Cytomeric Bead Arrays (CBA)
	RNA Extraction and Real-time RT-PCR
	Statistical Analyses

	Results
	B10 Participated in Controlling 1,3-β-Glucan-Induced Lung Inflammation
	B10 Regulated Th Immune Responses during 1,3-β-Glucan-Induced Lung Inflammation
	The Dual Relationship between B10 and Treg in Regulating 1,3-β-Glucan-Induced Lung Inflammation

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	References


