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Abstract: The dysfunction of peripheral immune tolerance plays an important role in the pathogenesis of allergic 
diseases. Recent reports indicate that micro RNA (miR)-98 is associated with the process of aberrant immune re-
sponses. This study aims to test a hypothesis that miR-98 is associated with the pathogenesis of airway allergy via 
interfering with the development of regulatory B cells (Breg). In this study, patients with airway allergy were recruited 
into this study. The frequency of Bregs was assessed by flow cytometry. The levels of miR-98 in peripheral B cells 
were determined by RT-qPCR. A cell-culture model of B cells was developed to test the role of miR-98 in the repress-
ing of interleukin (IL)-10 in B cells. The results showed that the levels of IL-10 in peripheral B cells were significantly 
lower in patients with airway allergy as compared with healthy subjects. High levels of miR-98 (one of the miR-98 
members) were detected in peripheral B cells of patients with airway allergy, which was mimicked by stimulating B 
cells with IL-4. Histone acetyltransferase p300 was involved in the IL-4-induced miR-98 expression. miR-98 medi-
ated the IL-4-inhibited IL-10 expression in B cells. In conclusion, miR-98 affects the expression of IL-10 in B cells and 
may be a novel therapeutic target for the treatment of allergic diseases.
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Introduction

Airway allergy includes allergic asthma and al- 
lergic rhinitis. T helper (Th)2 polarization plays 
an important role in the pathogenesis of air- 
way allergy. The over production of Th2 cyto-
kines, including interleukin (IL)-4, IL-5, IL-13, 
etc., is detected in the local tissue, which in- 
duces skewed immune response and inflam-
mation in the airway mucosa [1]. The Th2 cyto-
kines are also responsible for inducing IgE pro-
duction by B cells [2]. Besides producing IgE,  
a fraction of B cells produce IL-10 that is de- 
signated regulatory B cells (Breg) [3]. Bregs  
are capable of suppressing other immune cell 
activities [3]. Decrease in the frequency of IL- 
10-producing Bregs has been observed in pa- 
tients with immune diseases [4-6]. The underly-
ing mechanism by which the expression of IL- 
10 in B cells is compromised is unclear.

MicroRNA (miR) is a class of noncoding RNA 
molecules. Their length is ranging from 18 to 
24 nucleotides and is encoded by endogenous 
genes [7]. They are involved in transcriptional 
regulation of gene expression in animals, plants 
and virus. The miR gene can be a single copy, 
multi copy or gene existing in the genome [8]. 
Published data indicate that miRs are associ-
ated with the pathogenesis of allergic diseases 
[9, 10] or with the regulation of allergic diseas-
es [11]. The underlying mechanism remains to 
be further investigated. Recent reports indicate 
that the miR-98 suppresses the expression of 
IL-10 [12]. Based on the information above, we 
hypothesize that miR-98 may be associated 
with the pathogenesis of allergic diseases. 
Thus, we performed this study; we observed 
high levels of miR-98 in peripheral B cells of 
patients with airway allergy, which was nega-
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tively correlated with the expression of IL-10 in 
B cells.

Materials and methods

Patients

Patients with allergic asthma or/and allergic 
rhinitis were recruited into this study. The diag-
nosis of asthma and allergic rhinitis was car- 
ried out at Shenzhen Maternity & Child Health 
Hospital and Shenzhen Longgang ENT Hos- 
pital by physicians based on the disease histo-
ry of asthma and allergic rhinitis, allergen skin 
prick test, serum specific IgE (>0.35 kU/L). 
Patients with severe autoimmune diseases and 
using immune suppression agents in recent 
two months were excluded. The demographic 
data of the patients are presented in Table  
1. Healthy volunteers were also recruited into 
this study based on allergic disease history, 
serum total IgE levels were less than 0.35 kU/L. 
The experimental procedures were approved  
by the Human Ethic Committee at Shenzhen 
University. All the experiments were performed 
in accordance with the approved guidelines. An 
informed written consent was obtained from 
each subject.

SPT was performed in all subjects with the fol-
lowing allergen extracts (ALK-Abelló, Hørsholm, 
Denmark): D. pteronyssinus, D. farinae, grass 
pollen mix, cat and dog dander, American cock-
roach, mould mix, tree pollen mix and weed pol-
lens. The results were checked 25 minutes 
after SPT. The judgement of a positive result 
was the prick spot became a wheal and fleck 
surrounding the wheal.

Collection of blood samples

Blood samples (25 ml per subject) were col-
lected from each subject via ulnar vein punc-
ture. Peripheral blood mononuclear cells (PB- 
MC) were isolated from the blood samples by 
gradient density centrifugation. CD19+ B cells 
were purified from the PBMCs by magnetic cell 
sorting with a reagent kit (Miltenyi Biotech)  
following the manufacturer’s instructions. The 
purity of the isolated B cells was checked by 
flow cytometry (≥95%).

B cell culture

B cells were cultured with RPMI1640 medium 
supplemented with 100 U/ml penicillin, 10% 
fetal bovine serum, 0.1 mg/ml streptomycin 
and 2 mM L-glutamine. The cell viability was 
checked with the Trypan blue exclusion assay.

Assessment of precursor and mature miRNAs 
by quantitative real-time PCR (qPCR) 

Total RNA was extracted from the B cells by 
Trizol (Invitrogen) according to the manufactur-
er’s instructions. Complementary DNA was syn-
thesized from total RNA samples using the 
NCode Vilo miRNA cDNA Synthesis Kit (Life 
Technologies). Real-time PCR was performed 
with the mini Opticon real-time PCR system 
(Bio-Rad) using SYBR Green qPCR Master Mix 
(Invitrogen) with miRNA-specific primers and a 
universal qPCR primer according to the manu-
facturer’s protocol for the NCode VILO Kit. All 
miRNAs were normalized to a small nucleolar 
RNA, RNU48. Primers used in the present study 
were provided by the Enke Biotech (Shenzhen, 
China). For quantification, the fold-change of 
miRNA in experimental relative to control sam-
ples was determined by the 2-∆∆Ct method.

Assessment of serum IL-4 levels by enzyme-
linked immunosorbent assay (ELISA)

The sera were isolated from the blood samples 
collected from the patients. The IL-4 levels of 
the serum were evaluated by ELISA with a 
reagent kit (R&D Systems) following the manu-
facturer’s instructions.

Preparation of protein extracts

Cells were lysed with lysis buffer at 4°C for 15 
min, and centrifuged at 500×g for 10 min at 
4°C. The supernatant (cytosolic extract) was 
collected for further experiments. The pellet 

Table 1. Demographic data
Item Value
Age 26.3 ± 12.7
Weight 52.4 ± 24.7
Height 158.7 ± 35.2
Gender (M/F) 10/10
Asthma/allergic rhinitis 14 (70%)
Asthma 10/10
FEV1 (%-pred.) 95.2 ± 10.8
FVC (%-pred.) 86.8 ± 6.5
Specific IgE (IU/L) 93.6 ± 23.6
The values are presented as mean ± SD. Asthma/allergic 
rhinitis: Patients with both asthma and allergic rhinitis. 
Asthma: Patients with asthma. FEV1, forced expiratory 
volume in 1 second; FVC, forced vital capacity; specific 
IgE, specific IgE for dust mite.
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was added with nuclear extract buffer and incu-
bated for 15 min at 4°C, followed by centrifuga-
tion at 13,000×g for 10 min at 4°C. The super-
natant (the nuclear extract) was collected for 
further experiments.

ChIP (chromatin immunoprecipitation assay)

ChIP assay was performed with the reagents 
(Sigma Aldrich) following the manufacturer’s 
instructions. The B cells were fixed for 15 min 
with 1% formalin, lysed and sonicated. Cell 
lysates were precleared by incubation with pro-
tein G-agarose for 2 h at 4°C. The samples 
were centrifuged for 5 min at 13,000 rpm; the 
supernatant was collected and incubated over-
night at 4°C with 2 μg of specific antibodies or 
isotype IgG (Santa Cruz Biotech). The precipi-
tated antibody-chromatin complex was collect-
ed by incubation with protein G-agarose beads 
for 1 h at 4°C, and then washed and eluted in 
elution buffer. The samples were reverse cross-
linking with a reagent kit at 65°C for 4 h, and 
then digested with proteinase K for 1 h at 45°C 
to remove proteins from DNA, the DNA was 
recovered by phenol/chloroform extraction and 
ethanol precipitation. The DNA or input was 
analyzed by qPCR with the following miR-98 
promoter primers: gcttacagtgcaggtagtga and 
ggagcacttagggcagtaga. The results were pre-
sented as fold change against the input.

Immunoblotting

B cells were collected from each experiment; 
the proteins were extracted from B cells, sepa-
rated by SDS-PAGE and transferred onto a 
PVDF membrane. After blocking with 5% skim 
milk for 30 min, the membrane was incubated 
with antibodies of interest overnight at 4°C, 

RNAi of miR-98 was performed in B cells  
with the shRNA reagents provided by Gene- 
Chem (Shanghai, China) following the manu- 
facturer’s instructions. The sequences of miR-
98 shRNA were AGTTGCACTACAAGAAGAATG. 
RT-qPCR was performed to evaluate the RNAi 
effects.

Statistics

The difference between two groups was deter-
mined by Student t test or ANOVA if more  
than two groups. Data are presented as mean 
± SD. The Pearson Correlation Assay was per-
formed to determine the correlation between 
two groups. The significant criterion was set 
P<0.05.

Results

Low levels of IL-10 and high levels of miR-98 
were detected in peripheral B cells of patients 
with airway allergy

B cells were isolated from the samples from 
patients with airway allergy and healthy sub-
jects and processed for cell extracts. The le- 
vels of IL-10 mRNA and miR-98 were analyzed 
in the extracts. As shown by Figure 1, the le- 
vels of miR-98 were significantly higher in the 
allergy group than in the healthy group, while 
the IL-10 levels were significantly lower in the 
allergy group than in the healthy group. A cor-
relation assay was performed with the data  
of IL-10 and miR-98 in the B cells. The results 
showed a significant negative correlation be- 
tween IL-10 and miR-98 (r = -0.78995, P<0.01). 
The results implicate that miR-98 may be as- 
sociated with the low levels of IL-10 in B cells  
of patients with airway allergy.

Figure 1. Assessment of miR-98 and IL-10 in peripheral B cells. Peripheral 
B cells from healthy subjects (n = 25) and patients of airway allergy (n = 25) 
were analyzed by RT-qPCR. The bar graphs show the miR-98 levels (A) and 
IL-10 mRNA levels (B). Data of bars are presented as mean ± SD. *, P<0.01, 
compared with the healthy group. Samples from individual patients were 
analyzed separately.

and followed by incubating 
with the second antibodies 
(labeled with peroxidase) for  
1 h at room temperature. 
Washing with Tris-buffered 
saline-Tween 20 was per-
formed 3 times after each 
time of incubation. The im- 
mune blots was developed 
with ECL (enhanced chemi- 
luminescence) and photogra- 
phed with an imaging device.

RNA interference (RNAi) of 
miR-98
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IL-4 is associated with the increase in miR-98 
in B cells

We next investigated a possible role of IL-4 in 
the regulation of miR-98 expression in B cells. 
We assessed the serum levels of IL-4. The re- 

cells (from healthy subjects) with IL-4 in the cul-
ture for 48 h. The nuclear extracts of B cells 
were analyzed by ChIP. The results showed that 
exposure to IL-4 significantly increased the lev-
els of p300, H3K4 and RNA polymerase II at 
the miR-98 promoter locus of the B cells (Figure 

Figure 2. Determination of the correlation between serum IL-4 and miR-98 in B cells. (A) The bars indicate the serum 
levels of IL-4 (assessed by ELISA) in 25 healthy subjects and 25 patients of airway allergy. (B) The bars show the 
miR-98 levels in B cells (by RT-qPCR); the B cells were isolated from 6 healthy subjects and cultured in the presence 
of recombinant IL-4 (the concentrations of IL-4 are denoted on the X axis) for 48 h. Data of bars are presented as 
mean ± SD. *, P<0.01, compared with the healthy group (A) or dose “0” group (B). Samples from individual subjects 
were analyzed separately.

Figure 3. IL-4 induces chromatin remolding at miR-98 promoter locus to  
increase miR-98 expression in B cells. Peripheral B cells were collected  
from 6 healthy subjects and stimulated with IL-4 in the culture at graded 
doses (as denoted on the X axis of each panel) for 48 h. The B cells were 
analyzed by ChIP (A-D). The bars indicate the levels of p300 (A), H3K4 (B) 
and RNA polymerase II (Pol II; C) at the miR-98 promoter locus. (D) The bars 
indicate the miR-98 levels in the B cells. Data of bars are presented as mean 
± SD. *, P<0.01, compared with the dose “0” group. Samples from individual 
subjects were analyzed separately (The data are summarized from 6 inde-
pendent experiments). #, the presence of garcinol (an inhibitor of p300; 10 
μM).

sults showed that the levels  
of IL-4 were significantly high-
er in the allergy group than in 
the healthy group (Figure 2A), 
which was positively correlat-
ed (r = 0.79481, P<0.01) with 
the miR-98 levels in peripher-
al B cells. B cells were isolat-
ed from blood samples of 
healthy subjects and stimu-
lated with IL-4 in the culture 
for 48 h. The B cells were ana-
lyzed by RT-qPCR. The results 
showed that exposure to IL- 
4 significantly increased the 
expression of miR-98 in B 
cells in an IL-4 dose-depen-
dent manner (Figure 2B). The 
results implicate that IL-4 can 
up regulate the expression of 
miR-98 in peripheral B cells. 

P300 mediates IL-4-
increased miR-98 in B cells

We further investigated the 
role of p300 in the induct- 
ion of miR-98 in B cells by 
IL-4. In the same approach of 
Figure 2A, we stimulated B 
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3A-C). We also analyzed the miR-98 in the cyto-
solic extracts. The results showed that the lev-
els of miR-98 were also increased marked- 
ly (Figure 3D). The results demonstrate that 
p300 is involved in the IL-4 facilitate the miR-
98 gene transcription in B cells. To corroborate 
the results, we added an inhibitor of p300 to 
the culture. Indeed, the IL-4-induced miR-98 
expression was abolished (Figure 3D).

miR-98 mediates IL-4-inhibited IL-10 expres-
sion in B cells

The data of Figure 1 implicate that miR-98 is 
associated with the suppression of IL-10 ex- 
pression in peripheral B cells of patients with 
airway allergy. To test this, we collected peri- 
pheral B cells from healthy subjects and sti- 
mulated with LPS. It increased the expression 
of IL-10 in the B cells. The increase in IL-10 
could be blocked in the presence of IL-4. To test 
if miR-98 is involved in the IL-4-induced inhibi-
tion of IL-10 in B cells, we knocked down the 
miR-98 gene in B cells. The miR-98-deficient B 
cells were exposed to LPS and IL-4. Indeed, the 
B cells expressed high levels of IL-10 (Figure 
4A-C). To corroborate the results, we construct-
ed miR-98 plasmids to be transfected into B 

cells. The expression of miR-98 in the B cells 
was increased about 4 folds after transfection 
(Figure 4D). The LPS-induced expression of 
IL-10 in B cells was inhibited by the miR-98 
overexpression (Figure 4E). 

Discussion

The present data show that miR-98 plays a crit-
ical role in the suppression of IL-10 in periph-
eral B cells in patients with airway allergy. The 
results showed that the levels of miR-98 were 
higher, the IL-10 levels were lower, in peripheral 
B cells of patients with airway allergy. miR-98 
mediated the effect of IL-4 in the repression of 
IL-10 gene transcription in B cells. We also 
observed that p300 was a key molecule in the 
induction of miR-98; blocking p300 abolished 
the IL-4-induced miR-98 expression.

IL-10 is an immune regulatory cytokine. It can 
be produced by regulatory T cells or regulatory 
B cells to fulfill immune regulatory duties. Our 
data indicate that the IL-10 expression is much 
less in peripheral B cells in patients with airway 
allergy than that in healthy subjects, indicating 
the production of IL-10 by B cells is compro-
mised somehow. A similar phenomenon was 

Figure 4. Assessment of the role of miR-98 in the IL-4-suppressed IL-10 expression in B cells. Peripheral B cells were 
collected from 3 healthy subjects. The B cells were treated in the culture as denoted on the X axis of (A). LPS = 500 
ng/ml. IL-4 = 200 pg/ml. #, miR-98-deficient B cells. $, B cells were treated with control shRNA. (A) The bars indicate 
the levels of IL-10 mRNA in the B cells. (B) The immune blots indicate the protein levels of IL-10 in the B cells. (C) 
The bars indicate the miR-98 RNAi results. (D) The bars indicate the results of overexpression of miR-98 in B cells. 
p-miR-98: miR-98 plasmids. p-control: Control plasmids. (E) The bars indicate the mRNA levels of IL-10 in B cells. 
Data of bars are presented as mean ± SD. *, P<0.01, compared with the saline group. The data are representatives 
of 3 independent experiments.
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also observed by us in previous studies. In a 
food allergy animal model study, we observed 
low frequency of IL-10+ B cell in food allergy 
mice [13]. Others also found that the frequency 
of IL-10+ B cell in patients with immune disor-
ders were less than healthy persons and cor-
related it with different clinical and immunologi-
cal characteristics of the diseases [14].

To identify the causative factors in the inhibi-
tion of IL-10 in B cells is of significance. The 
present data show that the expression of miR-
98 by B cells is negatively correlated with the 
expression of IL-10 in B cells. The factor impli-
cates that miR-98 is involved in the suppres-
sion of IL-10 in B cells. miR-98 has been found 
playing roles in a number of immune disorders. 
Wang et al found that miR-98/b level in pancre-
atic cancer tissues was conversely correlated 
with TP53 and TP53INP1 expression, indicating 
miR-19 could be a molecular marker of pancre-
atic cancer [15]. Simpson et al found that miR-
98 expression in CD4+ T cells was enhanced in 
asthma patient [16] that is somewhat in line 
with the present data, indicating that miR-98 is 
involved in the regulation of the activities of the 
major immune cells, T cells and B cells.

IL-4 is the signature cytokine in Th2 polariza-
tion. Over production of IL-4 is a common phe-
nomenon in a number of Th2 polarization-relat-
ed diseases, such as allergy. The present data 
also show high serum levels of IL-4 in patients 
with airway allergy. The data indicate that peri- 
pheral B cells are stimulated constantly by IL-4 
at a high concentration in the blood system. 
Further experiments showed that IL-4 could 
block IL-10 expression, in which miR-98 played 
a critical role. Furthermore, we also identified 
that p300 was involved in the suppression of 
IL-10 in B cells mediated by miR-98, which was 
abolished by the presence of an inhibitor of 
p300, implicating that the p300 inhibitors have 
therapeutic potential in the treatment of aller-
gic disorders.
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