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The importance of understanding how interleukin-33 (IL-33) is
regulated (particularly by miRs) is critical in IL-33 biology, and
evidence of this in asthma pathology is limited. MicroRNA
profiling of cells isolated from bronchoalveolar lavage of 14
asthmatic patients and 11 healthy controls revealed miR-200b
and miR-200c were significantly reduced in asthmatic patients
compared with healthy controls. The reduction was validated in
two independent models of allergen-induced allergic airway
inflammation and further demonstrated to be inversely corre-
lated with asthma severity, as well as increased IL-33 produc-
tion in asthmatic patients. In addition, the miR-200b and
miR-200c binding sites in the 30 UTR of IL-33 mRNA were
identified by bioinformatics analysis and reporter gene assay.
More importantly, introduction of miR-200b and miR-200c
reduced, while inhibition of endogenous miR-200b and miR-
200c increased, the induction of IL-33 expression in lung
epithelial cells. Exogenous administration of miR-200b to
lungs of mice with allergic inflammation resulted in a decrease
in IL-33 levels and resolution of airway inflammation pheno-
type. In conclusion, miR-200b and miR-200c by regulating
the expression of IL-33 have a role in bronchial asthma, and
dysregulation of expression of miR-200b/c may be the underly-
ing mechanism resulting in the asthmatic phenotype.
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INTRODUCTION
Asthma is known as a common chronic inflammatory airway disease
that is characterized by variable and recurring airflow obstruction,
chronic airway inflammation, and bronchial hyper-responsiveness.1,2

The incidence rate of asthma ranges from 2% to 18% of individuals,
with approximately 300 million people affected, and accounts for
250,000 deaths each year.3 The pathophysiology of allergic asthma
is currently known as maladaptive inflammatory responses to ubiqui-
tous environmental stimuli in genetically susceptible people.4 More
specifically, allergic asthma is defined as a chronic inflammatory dis-
order of the airways mediated by CD4+ T cells polarized to a type 2
helper (Th2) differentiation.5 Th2 cytokines, including interleukin-4
(IL-4), IL-5, and IL-13, drive the cardinal features of the disease: pul-
monary eosinophilia, elevated concentrations of serum immunoglob-
ulin E (IgE), airway hyper-responsiveness, and excessive production
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of mucus in the airways.5,6 IL-33, previously known as a member of
the IL-1 cytokine family, is an inducer of the Th2 branch of adaptive
immunity and signals through the membrane-bound ST2 protein.7,8

The IL-33/ST2 axis triggers the release of several proinflammatory
mediators, such as chemokines and cytokines, and induces systemic
Th2-type inflammation. Further, the IL-33/ST2 pathway also contrib-
utes to allergen-induced airway inflammation and hyper-responsive-
ness, both important features of asthma development.7,9,10 Elevated
IL-33 mRNA levels were measured in the lung tissue from subjects
with asthma compared with normal controls.11,12 Until now, it re-
mains unclear how IL-33 expression is regulated in vivo both at the
transcriptional and the posttranscriptional levels. Especially, the post-
transcriptional regulation of IL-33 expression is also unclear in vivo
physiologically in bronchial asthma development.

MicroRNAs (miRNAs) are discovered as a type of non-coding RNA
and proven to regulate gene expression via mRNA degradation and
translational repression.13 Dysregulation of miRNA expression has
been known to alter cellular pathways and disease development,
including allergic asthma.14–17 Downregulation of miR-133a contrib-
uted to upregulation of RhoA in bronchial smooth muscle cells of
asthmatic patients.18 miR-192 expression was reduced in peripheral
blood of asthmatic individuals undergoing an allergen inhalation
challenge.19 miR-21 was upregulated in allergic airway inflammation
and regulates IL-12p35 expression.20 Another miRNA molecule,
let-7, could downregulate IL-13 production in allergic airway inflam-
mation.21 Investigations of the role of altered miRNAs in bronchial
asthma would reveal their relevance in the biologic and clinical
behavior during the disease. In this study, we identified that miR-
200b and miR-200c were downregulated in the airways of asthmatics.
Furthermore, we used two different mouse allergen-induced airway
inflammation models to investigate the contribution of these two
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Table 1. Selected Differentially Expressed miRNAs in Bronchoalveolar

Lavage Cells from Bronchial Asthma

miRbase-18
Name

Accession
Number

Log2 Fold Difference
(versus Healthy
Control Subjects) FDR Q Value

let-7a MI0000060 0.25 1.3 � 10�3

let-7b MI0000063 0.34 3.2 � 10�4

miR-30a MI0000088 0.38 2.5 � 10�5

miR-99a MI0000101 0.36 1.9 � 10�4

miR-27a MI0000085 0.30 4.7 � 10�4

miR-133a MI0000450 0.15 5.2 � 10�5

miR-155 MI0000681 0.38 1.5 � 10�3

miR-24 MI0000080 0.20 6.2 � 10�3

miR-200b MI0000342 0.19 3.4 � 10�3

miR-200c MI0000650 0.25 1.2 � 10�2

miR-21 MI0000077 1.99 2.4 � 10�5

miR-1268 MI0006405 2.65 5.1 � 10�3

miR-663a MI0003672 3.05 4.0 � 10�3

Accession number and miRNA information are available from http://www.mirbase.org.
FDR, false discovery rate.
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miRNAs to the observed airway phenotype. Administration of miR-
200b to the airways during allergen sensitization reverses airway
inflammation. Using 30 UTR-Luciferase reporter assays, we identified
binding sites for the miRNAs and downregulation of luciferase activ-
ity, thus providing evidence for direct regulation of IL-33 induction.

RESULTS
ReducedExpression ofmiR-200b/c in Asthmatic Patients and Its

Correlation with Asthma Activity

In an initial effort to identify differentially expressed miRNAs in asth-
matic patients, we profiled the expression of 366 miRNAs by using a
TaqMan miRNA assay. Total RNA samples were obtained from the
cells isolated from bronchoalveolar lavage of 14 asthmatic patients
and 11 healthy controls. The age of asthmatic patients is 14 ± 5 years
old compared with 15 ± 6 years old for healthy controls in the pilot
study. The study revealed differential expression of 39 miRNAs in
bronchoalveolar lavage fluid of patients with asthma as compared
with healthy controls. Among them, we found that 10 miRNAs
(let-7a/b, miR-30a, miR-99a, miR-27a, miR-133a, miR-155, miR-24,
and miR-200b/c) were more than 3-fold lower in patients versus
healthy controls; 3 miRNAs (miR-21, miR-1268, and miR-663a)
were more than 3-fold higher in patients versus healthy controls
(Table 1; Figure 1A). Among these miRNAs, miR-200b/c in particular
has not been reported in allergic asthma pathogenesis. Because de-
fects in the negative regulation system can cause unabated immune
activation, even inflammatory diseases, we further explored the role
of miR-200b/c in asthma development.

To validate the results from the pilot array study, we compared be-
tween our miRNA array profiling and real-time RT-PCR data, and
the results showed the strong correlation among these methods (Pear-
son correlation coefficient = 0.99; p = 0.001; data not shown). In addi-
tion, we examined the expression of miR-200 by the TaqMan PCR
method described above in 10 asthmatic patients and 10 normal con-
trols from the same subjects’ cohort (Figures 1B–1D). Similarly, there
was a significant decreasing expression of miR-200b and miR-200c
in the asthmatic patients compared with those of healthy controls
(p = 0.015 and p = 0.022, respectively).

To examine the correlation between miR-200b/c expression and clin-
ical asthma severity, we subsequently studied miR-200b/c expression
in a larger group of samples: 29 patients with moderate asthma, 20
patients with severe asthma, and 22 healthy controls (Table 2). As
shown in Figures 1E and 1F, the expression of miR-200b and
miR-200c was significantly lower in moderate asthmatic patients
compared with normal controls (all comparisons: p < 0.05). Further-
more, we detected reduced miR-200b/c levels (even lower, all com-
parisons: p < 0.05) in subjects with severe asthma compared with
those with normal controls. Taken together, the results suggested
that the miR-200 family is intrinsically reduced in asthma patients
and further demonstrated that asthma disease levels affect the expres-
sion of the miR-200 family.

miR-200b/c Reduction in Two Mouse Models of Allergic Airway

Inflammation

To further examine the in vivo correlation between miR-200b/c
expression and allergic asthma, we aimed to determine the levels of
miR-200 using real-time RT-PCR analysis in two independent
asthma models (ovalbumin [OVA] and A. fumigatus induced exper-
imental asthma in mice). In the OVA model, mice were sensitized by
two intraperitoneal (i.p.) injections of OVA and aluminum hydrox-
ide. The A. fumigatus model involves a unique mucosal sensitization
route (intranasal) compared with the OVA model. Although the
methods of experimental asthma induction are different, both mouse
models of allergic airway inflammation have similar phenotypes,
including Th2-associated eosinophilic inflammation, mucous pro-
duction, and airway hyper-responsiveness (Figure S1). First, we
examined the OVA-induced model of allergic airway inflammation
and demonstrated that OVA-challenged mice had a 2.2-fold
(p < 0.01) reduction of miR-200b and a 1.8-fold repression of miR-
200c (p < 0.01) in bronchoalveolar lavage cells compared with
saline-challenged mice (Figure 2A). Second, we examined the
A. fumigatus model of allergic airway inflammation and demon-
strated that antigen-challenged mice have a 2.05-fold decrease in
miR-200b level (p < 0.01) and a 2.15-fold repression of miR-200c
(p < 0.01) compared with control mice (Figure 2B). These results
indicated that miR-200b/c were downregulated in allergic airway
inflammation.

Confirmation of Target Site for miR-200b/c in IL-33 30 UTR
Integration of miRNA target predictions from multiple algorithms
has been reported to substantially increase the functional correla-
tions and decrease the false-positive rate compared with single algo-
rithms. Common predicted targets of miR-200b/c using miRanda
and TargetScan algorithms arrived with a list of 13 predicted targets
Molecular Therapy Vol. 26 No 7 July 2018 1809
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Figure 1. Reduced Expression of miR-200b/c in

Asthmatic Patients and Its Correlation with Asthma

Severity

(A) Heatmap of 13 differentially expressed miRNAs be-

tween 14 asthmatic patients and 11 normal controls.

Relative expression is log2 transformed. A, asthma; C,

control. (B–D) Real-time qPCR of miR-200a (B), miR-

200b (C), and miR-200c (D) expression between 10

asthmatic patients and 10 normal controls. (E and F) miR-

200b (E) and miR-200c (F) expression levels were

compared among subjects with moderate asthma

(n = 29) and severe asthma (n = 20) versus control sub-

jects (n = 22). *p < 0.05 (Student’s unpaired and two-

tailed t test).
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(data not shown), including IL-33, which was reported to be over-
expressed in asthmatic patients. Our bioinformatics analysis pre-
dicted the binding of miR-200b/c to the 30 UTR of IL-33 in a region
encompassing 655–661 bases (Figure 3A). Therefore, IL-33 was pre-
dicted to have a potential miR-200 binding site conserved across
species.

We next performed reporter gene assay to confirm the bioinformatics
prediction. When luciferase reporter vector containing the intact
30 UTR was transfected in Jurkat cells, a significant downregulation
in the luciferase expression in Jurkat cells with respect to control
was observed (Figure 3B). This downregulation was not seen in
mutant 30 UTR construct lacking the predicted basemiR-200b/c bind-
ing site. However, cotransfection with another non-specific miRNA,
Cel-67, did not have any appreciable effect on luciferase expression.
Most importantly, when miR-200b/c was cotransfected along with
pMIR-REPORT-IL-33 30 UTR (mutant), there wasminimal reduction
in the luciferase expression. Also, cotransfection of pMIR-REPORT-
1810 Molecular Therapy Vol. 26 No 7 July 2018
IL-33 30 UTR (mutant) with Cel-67 had no effect
on luciferase expression. These experiments
indicate thatmiR-200b/c regulates IL-33 expres-
sion by interacting with its 30 UTR.

To correlate the expression of miR-200b/c with
IL-33 30 UTR regulatory activity, Raji, THP-1,
and A549 cells were transfected with pMIR-
REPORT-IL-33 30 UTR. A substantial fall in
luciferase activity was observed in Jurkat, Raji,
A549, and THP-1 cells (Figure 3C). Thus, the
downregulatory effect of IL-33 30 UTR was
found to be correlated with the levels of mature
miR-200b/c present in these cells. These results
confirmed that expression of miR-200b/c and
its involvement in IL-33 regulation were inde-
pendent of specific cell lines.

To explore the association between miR-200b/c
levels and activation of IL-33 production, we
first sought to determine whether miR-200b/c could intrinsically
modulate the onset and activation of the IL-33 pathway. The effects
of miR-200b/c on IL-33 production were initially explored in lung
epithelial cells. MRC5 cells were transduced with a miR-200b/c
expression vector; 24 hr later, cells were stimulated with IL-13 to
induce production of IL-33. As shown in Figure 3D, overexpression
of miR-200b and miR-200c greatly reduced the induction of IL-33
production (both p < 0.01). Furthermore, silencing the endogenous
miR-200b/c via transfection with inhibitory oligonucleotides
increased IL-33 production (Figure 3E). Thus, the results suggested
that miR-200b/c negatively regulates the production of IL-33.

Correlation between ReducedmiR-200b/c Levels and Increased

IL-33 Production in Asthmatic Patients

Because miR-200 family member deficiencies might reflect defects in
negative regulation of the immune response, we explored whether
sustained reduced expression of miR-200 affected, or was associated
with, activation of the IL-33 biologic pathway in asthma patients.



Table 2. Clinical Characteristics of Asthmatic and Control Groups from Independent Cohorts

Healthy Controls (n = 22) Moderate Asthma (n = 29) Severe Asthma (n = 20)

Characteristics

Age (years) 21 ± 5 17 ± 6 22 ± 3

Male/female 12/10 19/10 14/6

Atopy 4 (18%) 25 (86%) 20 (100%)

Age at first symptoms (years) – 5 ± 1 3 ± 1

Duration of symptoms (years) – 11 ± 3 12 ± 3

Parental smoking 7 (21%) 12 (41%) 10 (50%)

FEV1 (% predicted) 98 ± 11 71.5 ± 12 65.5 ± 9.5

Bronchodilator reversibility (%) 3.5 ± 1.5 20 ± 6 19 ± 7

Total IgE (U/mL) 56 (19–136) 412 (145–1,096) 412 (145–1,096)

Medications

Inhaled corticosteroid (mg/day) – 1.7 (0.7–1.6) 1.7 (0.7–1.6)

Maintenance oral prednisolone – 5 8

Long-acting b-agonist – 28 20

Leukotriene receptor antagonist – 21 18

Theophylline – 15 15

ACT score (/25) – 14 (8–17) 14 (8–17)

FENO50 (ppb; normal, <24 ppb) – 52 (27–67) 55 (29–69)

Sputum eosinophil (%; normal, <2.5%) – 8 (3.5–28) 9 (4–24)

ACT, Asthma Control Test; FENO50, fraction of exhaled nitric oxide at 50 mL/s; FEV1, forced expiratory volume in 1 s; ppb, parts per billion.
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We next performed an analysis to determine whether there was any
correlation between miR-200b/c levels and IL-33 production in asth-
matic patients. It is interesting, although not surprising, that a nega-
tive correlation was found between reduced miR-200b and miR-200c
levels and increased IL-33 production (r = �0.21, p = 0.04 and
r = �0.32, p = 0.03, respectively) (Figure 4). These results confirmed
the inverse correlation between reduced miR-200b/c levels and
increased IL-33 production in asthma patients.

Intranasal Delivery ofmiR-200 Reduces IL-33 Levels inMicewith

Allergic Airway Inflammation

To determine the role of miR-200 in IL-33-mediated inflammation, we
used the murine model of allergic airway inflammation (OVA) resem-
bling allergic asthma.Two experimentswere performed to confirm that
the intranasal miRNA mimic was efficiently delivered to the lung and
taken up by the lung tissue. First, delivery of exogenous mature miR-
200b mimic to lungs through the intranasal route resulted in a 9-fold
increase in miR-200b levels above the baseline value (Figure 5A). Sec-
ond, intranasal administration of Dyomics 547 (DY547)-labeled miR-
200 or Cel-67 oligonucleotides to OVA mice followed by measure of
IL-33 production revealed that uptake of miR-200b mimic in the lungs
of mice with allergic inflammation was associated with significant re-
ductions in IL-33 levels in bronchoalveolar lavage fluid supernatants
(Figure 5B) and sera (Figure 5C) of OVA mice compared with those
seen in Cel-67 mice. We then examined mRNA expression of three
representative IL-33-inducible genes to determine the coordinate acti-
vation of the IL-33 pathway in vivo. Uptake of miR-200 mimic in the
lungs of mice with allergic inflammation led to significant reduction
effects on the levels of inflammatory cytokines, such as IL-4, IL-5,
and IL-13 (Figure 5D), compared with those seen in Cel-67 mice.

We further examined the correlation with miR200b/c with full-length
IL-33 ormature cleaved IL-33 in asthmatic lung tissue. The activities of
full-lengthmouse (amino acids 1–266) andmaturedmouse (mm, 109–
266) forms of IL-33were analyzed by western blot by using in vivo lung
tissues (Figure S2). Results showed that administration of miR-200b
oligonucleotides in the mice lungs was associated with significant re-
ductions in full-length and matured mouse IL-33 production.

Intranasal Delivery ofmiR-200MimicAlleviates AsthmaFeatures

To determine whether miR-200-mediated reduction in IL-33 levels
translated into improvement of the asthmatic condition, we deter-
mined the effects of intranasal miR-200 on asthma features, such as
airway hyper-responsiveness and airway inflammation, in a murine
model. Administration of miR-200b (n = 5), but not Cel-67 (n = 5),
significantly reduced the infiltration of inflammatory cells in the peri-
bronchial and perivascular regions (Figures 6A and 6B); in addition,
administration of miR-200mimic (n = 5) significantly reduced the in-
crease in airway resistance in response to increasing concentrations of
methacholine (Figure 6C). These data indicated that intranasal deliv-
ery of miR-200 mimic could alleviate asthma features.

We further confirm the in vivo results by using small inter-
fering RNA (siRNA) against mouse IL-33 (mIL-33). 1 � 106 IFU
Molecular Therapy Vol. 26 No 7 July 2018 1811

http://www.moleculartherapy.org


Figure 2. miR-200b/c Reduction in Two Mouse Models of Allergic Airway

Inflammation

miR-200b (A) and miR-200c (B) expression were assessed in OVA and

A. fumigatus-induced models of allergic airway inflammation. The relative expres-

sion levels were determined by qRT-PCR normalized to snoRNA135. Data are

represented as mean ± SEM; n = 5 mice per group; data are representative of three

experiments. **p < 0.01 (Student’s unpaired and two-tailed t test).
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(infectious units/mL) of LentimiRa-GFP-siRNA mIL-33 virus and
LentimiRa-GFP-negative control Scramble virus were administered
intratracheally into the anesthetized animals 3 days before OVA
administration. Real-time PCR showed that IL-33 mRNA was signif-
icantly reduced in LentimiRa-GFP-siRNA mIL-33 virus-infected an-
imals compared with negative controls (Figure S3A). H&E staining
demonstrated that LentimiRa-GFP-siRNAmIL-33 virus could signif-
icantly reduce the infiltration of inflammatory cells in the peribron-
chial and perivascular regions (Figure S3B).

DISCUSSION
Dysregulation of miRNAs has been related with the pathogenesis in
human bronchial asthma,13,15 which further demonstrated the nega-
tive feedback regulation of allergic inflammation via both regulators
of inflammatory miRNAs in asthmatic patients.18,20,21 Although our
knowledge about the miRNA regulation of allergic inflammation
has progressed in the last several years, multiple areas warrant future
investigation. In particular, the polarized Th responses could be regu-
lated by potentialmiRNAs targeting different components of theT cell
polarization pathways. Upregulation of miR-21 appears to promote
Th2 and attenuates Th1 responses by targeting IL-12 expression.20

Upregulation of miR-146a could potentially enhance the T regulatory
(Treg) cell-mediated suppression of Th1 responses and result in unop-
1812 Molecular Therapy Vol. 26 No 7 July 2018
posed Th2 activation.22 The let-7 family members appear to target
IL-13 expression; downregulation of let-7 could enhance Th2
responses by upregulating IL-13 expression.21 The diverse role of
miRNAs in disease processes may bring the fundamental changes to
understanding the pathogenesis of asthma and to developing new
therapeutic strategies. In this study, we performed an miRNA array
of asthmatic cohorts and in vivo experimental allergic inflammation
mice models, and found that the miR-200b/c could regulate IL-33
expression. Furthermore, exogenous administration of miR-200
mimic to lungs of OVA-dependent murine model of allergic airway
inflammation resulted in a decrease in IL-33 levels, resolution of
airway inflammation, and reduction in airway hyper-responsiveness.
Our findings extend the role ofmiRNAs in the pathogenesis of allergic
diseases and indicated the role and regulation of miR-200b/c in
asthma to better understand its pathogenesis. To explore possible rea-
sons for the reduced expression of miR-200 in asthmatic patients, we
performed the bioinformatic analysis and identified a potential CpG
island in the promoter of miR-200. This island corresponded exactly
to the position of a fragment harboring the putative nuclear factor
kB (NF-kB) binding sites. It would be interesting to explore whether
DNA methylation changes caused by NF-kB signaling account for
lowered expression of miR-200 in patients with asthma.

IL-33 is known as one of the earliest released signaling molecules
following epithelial damage and can orchestrate the recruitment and
activation of the cells responsible for allergic diseases. Unregulated
IL-33 activity could activate T helper type 2 cells, mast cells, dendritic
cells, eosinophils, and basophils, ultimately leading to increased expres-
sion of cytokines and chemokines that promotes the disease progres-
sion of asthma. The requirement for IL-33 in Th2 cell generation and
activity was demonstrated in a pulmonary granuloma model driven
by Schistosoma mansoni eggs and in a murine model of asthma driven
by ovalbumin sensitization.23 Similarly, differentiation of humanCD4+

cells in vitro in the presence of IL-33 enhanced antigen-dependent IL-5
and IL-13 production.24 In addition to influencing CD4 cellular differ-
entiation, IL-33 works as a chemo-attractant for Th2 cells, recruiting
Th2 cells to lymph nodes and tissue.25 IL-33 can influence dendritic
cell maturation and activity, leading to their enhanced expression of
major histocompatibility complex (MHC) class II and CD86. These
activated dendritic cells (DCs), when cultured with naive CD4+

T cells, led to their differentiation in a fashion characterized by produc-
tion of IL-5 and IL-13.26 Given the importance of IL-33 in the immune
response and the consequences of IL-33 over-production in asthmatic
patients, we propose that an approach involving replenishment ofmiR-
200b/c would reduce IL-33 production. Interestingly, when the miR-
200b/c mimic was introduced into lung cells of asthmatic patients,
the expression of IL-33 was decreased. These results suggest that
miR-200b/c levels could be manipulated to provide useful therapeutic
interventions for asthma.

There are still some limitations in this study. First, the sample size in
this study is small. Results have to be validated in an independent
sample-size cohort including potential confounding clinical variables.
The study participants are mostly adolescents, which could limit the



Figure 3. Confirmation of Target Site formiR-200b/c

in IL-33 30 UTR
(A) Predicted binding site for miR-200b/c in 30 UTR of

IL-33. (B) Relative luciferase activity in Jurkat cells co-

transfected with control firefly luciferase vector (pMIR-

Report), or a firefly luciferase reporter vector containing

the 30 UTR of IL-33, or a firefly luciferase vector with

perfect miR-200b/c binding site in the 30 UTR (pMIR-

200), and either the pre-miR-200 expression vector

(pMIRNA1-Pre-miR-200) or control vector (pMIRNA1-

Control). Firefly luciferase activity was normalized to the

Renilla luciferase activity and then to the average of the

control firefly luciferase reporter. n = 4 per group; data

are representative of three experiments. An unpaired

t test was used to compare reporter gene activity. (C)

Jurkat, Raji, THP-1, and A549 cells were transfected

with pMIR-REPORT-IL-33 30 UTR to correlate the

expression of miR-200b/c with IL-33 30 UTR regulatory

activity. (D) MRC5 cells were transfected with a

miR-200b/c expression vector; 24 hr later, cells were

stimulated with IL-13 to induce production of IL-33.

Overexpression of miR-200b and miR-200c greatly

reduced the induction of IL-33 production. (E) Silencing

the endogenous miR-200b/c via transfection with

inhibitory oligonucleotides increased IL-33 production.

**p < 0.01 (Student’s unpaired and two-tailed t test).
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generalizability of the study to younger and older populations. In
addition, although we demonstrated downregulation of IL-33 by
miR-200b/c overexpression, there may be other effects that have
not been examined in this study. It is critical in terms of establishing
potential off-target effects.

In conclusion, our results demonstrate that reduced expression of
miR-200 is relevant to the biologic and clinical features of bronchial
asthma development. Our findings suggest that miRNAs may serve
as therapeutic targets for the treatment of asthma via regulation of
the IL-33 signaling pathway.

MATERIALS AND METHODS
Ethics Statement

The study was performed in accordance with relevant guidelines and
regulations, following the approval of the licensing committee of
Tongji Medical College, Huazhong University of Science and Tech-
nology. Written informed consent was obtained from asthmatic
patients and healthy subjects, as well as their guardians. This work
received approval from the institution ethics committee and con-
formed to the tenets of the Declaration of Helsinki.

Subject Collection

Patients and control subjects were recruited from Union Hospital,
Tongji Medical College, Huazhong University of Science and Tech-
nology, Wuhan, China. Among the subjects, there were 63 patients
with asthma and 33 healthy controls. In the 63 patients, 40 cases
are male and 23 cases are female. All asthmatic patients had currently
one or more symptoms and physical examination results that were
compatible with the asthma definition by the American Thoracic So-
ciety.27 Severe persistent asthma is defined by symptoms that occur
daily and often. Lung function of severe asthma is less than 60% of
the normal level without treatment. Bronchoalveolar lavage was per-
formed during asthmatic patients’ visits (1–15 days post-exacerba-
tions). Over-the-counter drugs were used in some patients before
bronchoalveolar lavage; however, relevant information is not avail-
able. Healthy subjects were recruited from the general population
who answered negatively to a screening questionnaire for respiratory
symptoms and showed normal findings on a simple medical exami-
nation. Total serum IgE levels were determined with the Pharmacia
CAP System.

RNA Processing

Bronchoalveolar lavage obtained from each study subject was
collected into tubes, and cells were immediately separated using
the Ficoll method (Amersham, Uppsala, Sweden). Bronchoalveolar
lavage fluid cell counts and differential cell counts of subjects in
the pilot study are displayed in Table S1. Alveolar macrophage ac-
counted for more than 80% of cell types in bronchoalveolar lavage
fluid in asthmatic patients and healthy controls. No significant
Molecular Therapy Vol. 26 No 7 July 2018 1813
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Figure 4. Inverse Relationship between Reduced miR-200 Levels and

Increased IL-33 Production in Asthmatic Patients

A negative correlation was performed between reduced miR-200b and miR-200c

levels (qRT-PCR) and increased IL-33 production (ELISA) in asthmatic patients

(r = �0.21, p = 0.04 and r = �0.32, p = 0.03, respectively).
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differences in cell types (macrophages, neutrophils, and lympho-
cytes) were found between the two groups (Table S1). Total small
RNAs were extracted using a mirVana miRNA isolation kit accord-
ing to the manufacturer’s directions (Ambion, Austin, TX, USA).
Figure 5. Exogenous miR-200b Reduces IL-33 Levels in Mouse Airway Inflamm

(A) miR-200b levels after delivery of exogenous mature miR-200b mimic to lungs th

supernatants (B) and sera (C) after intranasal administration of Dyomics 547 (DY547)-la

including IL-4, IL-5, and IL-13, after uptake of miR-200 or Cel-67 in the lungs of mice.
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RNA was subjected to RT (reverse transcription) using a TaqMan
miRNA reverse transcription kit (Applied Biosystems, Foster City,
CA, USA) and Megaplex RT primers following the manufacturer’s
protocol. For the pilot study, expression of the 366 miRNAs
included in the TaqMan miRNA assays Human Panel-Early Access
kit (Applied Biosystems) was examined according to the manufac-
turer’s protocol.
Real-Time PCR

In subsequent studies, the TaqMan kit specified for quantification of
the miR-200 family was used, and the expression level of each sample
was normalized to that of U6, a reference small nuclear RNA.
TaqMan assays were performed in duplicate or in triplicate on a
7900HT real-time instrument (Applied Biosystems). Relative expres-
sion levels were calculated using the 2�DDCt method.
Plasmid Construction

miR-200 expression vectors were constructed by inserting the de-
signed primer pairs into the pSUPER basic vector (OligoEngine,
Seattle, WA, USA). To create IL-33 30 UTR luciferase reporter con-
structs, we cloned fragments of 30 UTR from the IL-33 gene harboring
the predicted miR-200 binding sites downstream of the firefly lucif-
erase cassette in the pMIR-REPORT vector (Ambion). All constructs
were sequenced, and expression vectors were prepared with the use
of an Endofree plasmid kit (QIAGEN, Chatsworth, CA, USA).
ation

rough the intranasal route. (B and C) IL-33 levels in bronchoalveolar lavage fluid

beled miR-200 or Cel-67 oligonucleotides to OVA mice. (D) Inflammatory cytokines,

*p < 0.05; **p < 0.01 (Student’s unpaired and two-tailed t test).



Figure 6. Exogenous miR-200b Attenuates Airway

Inflammation and Airway Hyper-Responsiveness in

Asthmatic Mice

(A) Lung sections stained with H&E in mice after admin-

istration of miR-200b (n = 5), but not Cel-67 (n = 5). His-

tology scale bar, 100 mM. (B) Inflammation scores in the

lung tissue of miR-200b- or Cel67-administrated mice

treated with OVA. Data are presented as the mean ± SD

(n = 5). **p < 0.01 (Student’s unpaired and two-tailed

t test). (C) Airway resistance with increasing concentra-

tions of methacholine.
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Following transfection, overexpression of miR-200 was confirmed
by qPCR.

Cell Culture and Transfection

Jurkat, Raji, THP-1, A549, andMRC5 cells were grown in RPMI 1640
supplemented with 10% fetal bovine serum (FBS). Cell transfection
was performed using Lipofectamine 2000 (Invitrogen, Foster City,
CA, USA). For transfection of MRC5 cells, 3� 106 cells were electro-
porated with 1.5 mg of an empty or miR-200b/c expression vector us-
ing Lipofectamine 2000 (Invitrogen).

Reporter Gene Assay

Cells were seeded in the wells of a 24-well plate and then transfected
with a mixture of 250 ng of 30 UTR luciferase reporter vector and
10 ng of pRL-TK vector, along with 400 ng of either an empty vector
or the miR-200 expression plasmid. After 24 hr, cells were lysed and
luciferase activity was measured with a luminometer by using a dual-
luciferase reporter assay system (Promega,Madison,WI,USA). The ra-
tio of firefly luciferase to Renilla luciferase was obtained for each well.

IL-4, IL-5, IL-13, and IL-33 Cytokine Release by ELISA

IL-33 levels were measured in serum by commercial sandwich ELISA
(GenWay Biotech, San Diego, CA, USA). In summary, an ELISA plate
was coated with capture antibody (affinity-purified chicken anti-hu-
M

man IL-33 Ab) in 0.05M carbonate-bicarbonate
followed by blocking. Serum samples were then
added followed by horseradish peroxidase
(HRP)-conjugated secondary monoclonal anti-
body (mAb). Tetramethyl benzidine was subse-
quently added to the reaction, which was
stopped by applying 2MH2SO4. Optical density
was measured by microtiter plate reader at
450 nm. Serum level of IL-33 was read off
from a standard curve according to the manu-
facturer’s instruction. Similarly, the supernatant
of bronchoalveolar lavage fluid from mice was
used to perform ELISA for IL-4, IL-5, and
IL-13 (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s protocol. Results were expressed in
picograms and normalized by protein concentrations.

Experimental Asthma Induction

Experimental asthma was induced by injection with 100 mg of OVA
and 1 mg of aluminum hydroxide as adjuvant twice, followed by
two 50 mg OVA or saline intranasal challenges 3 days apart, starting
least 10 days after the second sensitization. Mice were sacrificed
18–24 hr after the second challenge. Aspergillus fumigatus antigen-
associated asthma was induced by challenging mice intranasally three
times per week for 3 wk with 100 mg (50 mL) ofA. fumigatus extract or
50 mL of saline each time.Mice were sacrificed 48 hr after the last chal-
lenge. Methods for performing bronchoalveolar lavage in mice were
described in brief. After the tube and needle were put into the trachea,
a 1-cc syringe with 0.9 cc sterile saline was loaded and saline was in-
jected into the lungs. After aspirating saline by pulling the barrel of
the syringe, the syringe was removed from the needle, and recovered
lavage fluid was injected to a 15-mL Falcon tube on ice. The proced-
ures were repeated for four washes per animal. LentimiRa-GFP-
siRNA mIL-33 virus and LentimiRa-GFP-negative control Scramble
virus were obtained from Applied Biological Materials (ABM) (Rich-
mond, BC, Canada). 1 � 106 IFU were administered intratracheally
into the anesthetized animals 3 days before OVA administration.
All animals were housed under specific pathogen-free conditions in
olecular Therapy Vol. 26 No 7 July 2018 1815
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accordance with institutional guidelines, which were approved by the
Institutional Animal Care and Use Committee of Union Hospital,
Tongji Medical College, Huazhong University of Science and Tech-
nology, Wuhan, China.

miRNA Design and Delivery

miR-200 and Cel-67 oligonucleotides were designed in such a
manner that the 30 terminal in both strands was chemically modi-
fied with 20-O-methoxy substitution to impart stability (Dharma-
con, Lafayette, CO, USA). The oligonucleotides were dissolved in
water, and the working dilution was prepared in PBS and adminis-
tered to mice by using the InExpose inhalation exposure system
(Scireq, Montreal, QC, Canada) on 3 consecutive days (days 24,
25, and 26) 30 min before OVA challenge. The mice were sacrificed
the next day.

Measurement of Airway Hyper-Responsiveness

Airway hyper-responsiveness in the form of airway resistance was
estimated in anesthetized mice by using the FlexiVent system
(Scireq), which uses a computer-controlled murine ventilator
and integrates with respiratory mechanics. Final results were ex-
pressed as airway resistance with increasing concentrations of
methacholine.

Lung Histology

Formalin-fixed, paraffin-embedded lung tissue sections were exam-
ined for airway inflammation with H&E as described previously.21,28

For the examination of bronchial inflammation, lung tissue sections
were stained with H&E visualized with a DM LB microscope and
scored using established criteria29 in a blinded manner by the pathol-
ogists, averaging their judgments for the categorization.

Statistical Analysis

Data were analyzed using GraphPad Prism 5 software. The nonpara-
metric Mann-Whitney U test was used to draw comparisons between
groups, with the exception that an unpaired t test was used to
compare reporter gene activity. Spearman’s test was used for correla-
tion studies. A p value (two-tailed) less than 0.05 was considered sta-
tistically significant.
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Supplemental Figure 1. Histology staining of the lungs for allergic airway inflammation from the two 
independent asthma models including OVA (A) and A.fumigatus (B) induced experimental 
asthma in mice. 

 
  



Supplemental Figure 2. Western blot shown the activities of full-length mouse and mature mouse forms 
of IL-33 of in vivo lung tissues. 

 
  



Supplemental Figure 3. A. Real-time PCR shown that IL33 mRNA of the lungs in LentimiRa-GFP-siRNA 
mIL33 virus infected animals compared to negative controls. B. HE staining of the lungs from 
LentimiRa-GFP-siRNA mIL33 virus and control virus infected animals. Data are presented as the 
mean ± standard deviation (n=3). ** P<0.01 (Student unpaired and two-tailed t test). 

  



Supplemental Table 1. BAL fluid cell differentials of asthmatic patients and healthy controls. 

Variables Asthmatic patients Healthy controls p value 

Cell count, cells/uL 156±56 142±29 0.59 

Macrophages, % 82.3±15.2 88.7±12.3 0.72 

Neutrophils, % 5.3±2.1 3.3±1.5 0.35 

Lymphocytes, % 6.5±2.5 5.3±2.3 0.49 

Other, % 5.9±2.6 2.5±1.4 0.22 
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