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Small interfering RNA directed against microRNA-155
delivered by a lentiviral vector attenuates asthmatic
features in a mouse model of allergic asthma
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Abstract. Asthma is a chronic T helper type 2 (Th2)
cell-mediated inflammatory disease characterized by airway
hyperresponsiveness (AHR) and airway inflammation.
Although the majority of patients with asthma can achieve a
good level of control with existing treatments, asthma runs a
chronic course and the effectiveness of current treatment is
not satisfactory for certain patients. MicroRNAs (miRNAs)
are short noncoding RNAs that suppress gene expression at
the post-transcriptional level; their role in regulating allergic
inflammation remains largely unknown. The present study
aimed to explore the role of miRNA-155 in the pathogenesis
of asthma and its potential as a target for treatment. The
expression of miRNA-155 increased in ovalbumin-sensitized
and challenged mice compared with control mice, and lenti-
viral vector-delivered small interfering (si)RNA targeting
miRNA-155 resulted in reduced AHR, airway inflammation
and Th2 cytokine production. The data from the present study
indicate that miRNA-155 serves an important role in the
pathogenesis of asthma, and that lentiviral vector-delivered
siRNA targeting miRNA-155 may serve as a novel approach
for the treatment of allergic asthma.

Introduction

Asthma is a common chronic airway inflammatory disease
characterized by T helper 2 (Th2) cell-mediated eosinophilic
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inflammation and airway hyperresponsiveness (AHR) (1). The
World Health Organization estimates that as many as 300
million people worldwide suffer from asthma (2). Despite
intense ongoing research, the underlying molecular mecha-
nisms leading to asthma remain unclear. Although the majority
of patients with asthma can achieve a good level of control
with existing treatments, asthma still has a chronic and long
disease course, and the effectiveness of current treatments is
not satisfactory for numerous patients.

MicroRNAs (miRNAs/miRs) are a large family of
endogenous noncoding RNAs that post-transcriptionally
modulate gene expression by promoting mRNA degrada-
tion or inhibiting protein translation (3). The alteration of
miRNA expression has been implicated in a range of human
diseases (4-6). Emerging evidence has identified that miRNAs
serve an essential role in allergic airway diseases. Inhibition
of miR-126 was demonstrated to suppress the function of Th2
cells and the development of allergic airway inflammation (7).
In addition, antagonism of miR-145 has been revealed to inhibit
eosinophilic airway inflammation, Th2 cytokine production
and AHR (8). Furthermore, another previous study identified
that anti-let-7 treatment markedly inhibited the production of
allergic cytokines and asthmatic features (9). Based on the
aforementioned evidence, the manipulation of miRNA expres-
sion has a potential application for the treatment of allergic
airway diseases.

Attention has recently been focussed on to miR-155,
a multifunctional miRNA, due to its role in multiple physi-
ological processes in the immune system (10-13). Data from
clinical samples support the theory that miR-155 serves a
critical role in the pathogenesis of allergic diseases, including
allergic rhinitis (14,15) and atopic dermatitis (16). In regards
to the lungs, mice deficient in miR-155 exhibited enhanced
airway remodelling (12) and miR-155 was demonstrated to
contribute to the regulation of allergic airway inflammation
by modulating Th2 responses through the transcription factor
PU.1 (17). In addition, miR-155 deficiency has been identi-
fied to alleviate allergic airway inflammation in mice (18).
Despite limited evidence linking miR-155 to the etiology of
asthma, previous studies have evaluated the feasibility of using
miR-155 antagonists to treat asthma (19,20).
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The present study indicates that miR-155 serves an impor-
tant proinflammatory role in the development of AHR and
allergic airway inflammation. Decreasing the level of miR-155
with small interfering (si)RNA delivered by a lentiviral vector
significantly reduced the severity of inflammatory lesions and
AHR. These findings suggest that a siRNA-expressing lenti-
viral vector targeting miR-155 may be a novel approach for the
therapy of asthma.

Materials and methods

Mice. A total of 24 female BALB/c mice (weight, 18-20 g;
4-6 weeks old) were purchased from the Laboratory Animal
Center of Hubei Province (Wuhan, China). All mice were
maintained in a vinyl isolator in a room maintained at a
constant temperature (22+2°C) and humidity (55+5%) on a
12-h light/dark cycle. Mice were provided with water and food
ad libitum. The Institutional Animal Care and Use Committee
of Tongji Hospital (Wuhan, China) approved the protocols
used for animal experiments in the present study.

Construction of short hairpin (sh)RNA and cloning of shRNAs
into lentiviral vectors. The sequence of the miR-155-targeting
complementary shRNA was 5-TACCCCTATCACAAT
TAGCATTAA-3'". The negative control shRNA used was
part of a Lenti-KD Custom RNAi commercial kit provided
by Shanghai GeneChem Co., Ltd. (Shanghai, China).
Third-generation human immunodeficiency virus-1-derived
lentiviral vector stocks, pseudotyped with the vesicular
stomatitis virus envelope glycoprotein G, were produced as
previously described (21,22). shRNA lentiviral vectors were
produced by calcium phosphate-mediated transient trans-
fection of HEK 293T cells (Shanghai GeneChem Co., Ltd.
Shanghai, China). Briefly, HEK 293T cells were cultured in
DMEM supplemented with 10% FBS in 5% CO, at 37°C a
humidified atmosphere and 5x10° cells seeded in 100-mm
dishes were cotransfected with Lenti-Easy Packaging Mix
(25 ul, 1 pg/ul) and GFP Control Plasmid (20 ul, 0.8 ug/ul)
(Shanghai GeneChem Co., Ltd. Shanghai, China). The viruses
were collected and concentrated 100-fold by ultracentrifuga-
tion (4°C at 4,000 x g for 30 min). The concentrated virus
stocks were titered in 5x10* cells/ml HEK 293T cells at 37°C
for 72 h based on green florescent protein (GFP) expression.

Generation of asthma model and lentiviral vector transduc-
tion in vivo. To generate an asthmatic model (6 mice per
group), mice were sensitized and challenged with ovalbumin
(OVA) as previously reported (23). The mice were immu-
nized intraperitoneally on day 0 and 14 with 100 yg OVA
(S7951; Sigma-Aldrich; Merck KGaA; Darmstadt, Germany)
and 1 mg aluminium hydroxide (77161; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) in 200 ul of 0.9% saline.
The mice were then challenged by intratracheal administra-
tion of 200 ug OVA in 20 ul saline on days 22, 23 and 24.
Solutions at 4x107 titer units (TU)/ml containing 50 ul of the
negative control lentivirus or the miR-155 shRNA lentivirus
(4x10” TU/ml, ~2x10° TU/mouse) were delivered intratrache-
ally 3 days prior to the first challenge with OVA. Scrambled
miR-155 shRNA and miR-155 shRNA lentiviral vectors
contained a sequence encoding GFP. Transduction efficiency
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was assessed via florescence microscopy (magnification,
x100).

Reverse transcription-quantitative polymerase chain
reaction (RT-gPCR) analysis. Total RNA was extracted
from lung tissue using TRIzol (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). cDNA was synthe-
sized with a miRNA-specific primer using the Fermentas
First-Strand Synthesis kit (SuperScript III First-Strand
Synthesis SuperMix for qRT-PCR; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. gPCR was
performed to determine miR-155 expression and U6 was
used as the internal control, as previously described (24). All
primers used were provided by Guangzhou RiboBio Co., Ltd.
(mir-155, miRQ0000165-1-2; U6, MQP-0201, Guangzhou,
China). The primers sequences were not released.
Thermocycling was performed as follows: 60 min at 42°C
and 5 min at 70°C for reverse transcription and denaturation,
respectively, followed by 40 amplification cycles consisting
of 95°C for 5 sec (denaturation) and 60°C for 30 sec (exten-
sion). The 222 method (25) was applied to calculate relative
quantification of miRNA expression.

Measurement of AHR. A total of 24 h after the last chal-
lenge, AHR was measured using a computer-controlled
small animal ventilator system (flexiVent; SCIREQ Scientific
Respiratory Equipment, Inc., Montreal, Canada) as described
by Kramer er al (26). Mice were anesthetized by intra-
peritoneal injection of pentobarbital sodium (70-90 mg/kg;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), trache-
ostomized with an 18-gauge cannula and mechanically
ventilated in a quasi-sinusoidal fashion with a small animal
ventilator at a frequency of 2.5 Hz and a tidal volume of
12 ml/kg. The airway resistance values (R,,; cm/H,0O.sec/ml)
were recorded in response to increasing doses of nebulized
methacholine (0, 3, 6, 12, 25 mg/ml) (Sigma-Aldrich; Merck
KGaA). Results were expressed for each concentration of
methacholine as a percentage of the 0 mg/ml methacholine R,
value after exposure to PBS.

Collection of bronchoalveolar lavage fluid (BALF) and
histological analysis. Mice were sacrificed 24 h after the last
OVA or saline challenge. The lungs were lavaged three times
with 0.8 ml of saline, and the collected cells were centrifuged
(4°C at 300 x g for 10 min) and subjected to Wright-Giemsa
staining as previously reported (27). A number of differential
cell counts, including eosinophils, macrophages, lymphocytes
and neutrophils, were performed on total of 200 cells based
on the staining of characteristics of morphology, as previ-
ously described (28). Supernatant samples were collected for
cytokine assays. The left lungs were isolated and fixed in 4%
paraformaldehyde at room temperature for 24 h, and then
embedded in paraffin. Subsequently, 5-xm-thick sections were
stained using hematoxylin and eosin (H&E) and observed
under a light microscope (magnification, x200).

ELISA. Interleukin (IL)-4, IL-5 and IL-13 levels in BALF
were quantified by ELISA (EMC003.48, EMC108.48 and
EMC124.48; Neobioscience, Beijing, China) according to the
manufacturer's protocol.
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Statistical analysis. Data are presented as the mean + standard
error of the mean. Data were analyzed with GraphPad Prism
software 5.1 (GraphPad Software, Inc., San Diego, CA, USA).
Two-way analysis of variance followed by Bonferroni's post
hoc test was used for the comparison of multiple groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

miRNA-155 expression is upregulated in mice with
OVA-induced asthma and miR-155 expression is successfully
silenced by intratracheal instillation of the anti-miR-155
shRNA lentiviral vector in vivo. The miR-155 expression
level in the lungs of the OVA-sensitized and challenged mice
was significantly increased compared with that in the saline
challenged mice (P<0.01; Fig. 1A). After treatment with the
miR-155 shRNA lentiviral vector, miR-155 expression was
significantly decreased compared with the OVA group and
the negative control shRNA group (the mock group) (both
P<0.01; Fig. 1A). Transduction efficiency was also assessed by
detecting the expression of the marker gene, GFP (Fig. 1B).
The findings indicated that the transfection efficiency of lenti-
viral vector was good.

Delivery of the miR-155 shRNA lentiviral vector before
airway challenge prevents the development of allergic airway
inflammation. The miR-155 shRNA or the negative control
shRNA lentiviral vector were intratracheally administered
72 h before the first OVA challenge in order to determine
the effects of the miR-155-taregting shRNA lentivirus on
airway inflammation. Notably, miR-155 shRNA lentiviral
vector administration significantly reduced the total cell count
of eosinophils, macrophages and lymphocytes count in the
BALF after OVA sensitization and challenge (P<0.01 vs. the
OVA and mock groups), whereas the negative control shRNA
lentivirus treatment did not significantly decrease the cell
counts compared with the OVA group (Fig. 2A). Evidence of
inflammatory cell infiltration and the effects of the miR-155
shRNA lentiviral vector treatment were further investigated
by histologically examining lung sections stained with H&E.
When compared with the mock group, miR-155 shRNA lenti-
virus treatment decreased inflammatory cells infiltration in
the lung tissue (Fig. 2B).

AHR is inhibited by miR-155 shRNA lentivirus treatment.
Administration of the miR-155 shRNA lentiviral vector was
identified to attenuate the development of airway resistance as a
reaction to increasing concentrations of inhaled methacholine.
R, was significantly decreased in the miR-155 shRNA group
compared with the mock and OVA groups (P<0.01; Fig. 3).

Th2 cytokine expression in BALF decreases after intratra-
cheal instillation of the miR-155 shRNA lentiviral vector. The
expression of IL-4, IL-5 and IL-13 in the BALF was examined.
The levels of IL-4, IL-5 and IL-13 were significantly upregu-
lated in the OVA group compared with the saline group, and
decreased significantly after treatment with miR-155 shRNA
lentivirus compared with that of the OVA and mock groups
(all P<0.01; Fig. 4).
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Discussion

The role of miRNAs in the pathogenesis of allergic asthma
has been widely studied since 2007 (7-9,12,16,29) and thera-
pies that target miRNAs were considered to be important for
further study (30,31). The results of the present study indicate
that miR-155 is associated with the development of allergic
airway inflammation; miR-155 expression was significantly
higher in the lungs of mice with asthma compared with normal
controls. In addition, treatment with a miR-155-targeting
shRNA lentiviral vector in vivo substantially alleviated airway
inflammation and AHR due to miR-155 inhibition.

Previous microarray analysis has demonstrated that
miR-155 is upregulated in OVA-induced mouse models of
asthma (9,32). The present study confirmed that the expres-
sion of miR-155 was significantly increased in the lungs of
mice with asthma by RT-qPCR. These data indicate that the
upregulation of miR-155 is associated with the pathogenesis
of asthma. Certain previous studies have revealed that higher
miR-155 expression exists in the smooth muscle cells of asth-
matic airways (33) and bronchial epithelial cells (34), which is
partly consistent with the results of the present study. However,
further exploration of the function of miR-155 in other cell
types will be important to understand the role of miR-155 in
the development of the allergic immune response.

Mice deficient in miR-155 have been reported to be
protected against allergen-induced eosinophilic airway
inflammation (17,18). In the present study, an shRNA was
applied as a therapeutic strategy to suppress miR-155 expres-
sion, which successfully reduced inflammation, infiltration of
eosinophils, and the production of the Th2 cytokines IL-4,IL-5
and IL-13. In addition, miR-155-targeting shRNA inhibited
AHR, another important feature of asthma (35). These results
support the suggested role of miR-155 in the development of
allergic airway inflammation. However, the precise mecha-
nism by which miR-155 regulates AHR remains to be clarified.
Interestingly, another group demonstrated that miR-155-defi-
cient mice spontaneously exhibited airway remodelling (12).
A possible explanation for the discrepancy between this study
and the present study could be the different mouse model used.
An acute asthma mouse model was employed in the present
study, whereas in the study conducted by Rodriguez et al (12),
aging mice were used. Airway remodeling may follow acute
inflammation or begin insidiously as a low-grade smoldering
response (36). It is unknown whether airway inflammation
contributes to airway remodelling. Previous clinical data has
demonstrated that anti-inflammatory treatment may have no
effect on airway remodeling in patients with asthma (37,38).
These results suggest a paradoxical role of miR-155 in airway
inflammation and airway remodeling, and support the complex
role of miRNA in the development of asthma.

The knockdown of miRNA is an effective method to
use when characterizing the functions of miRNAs in vivo.
Antagomirs, chemically modified oligonucleotides comple-
mentary to individual miRNAs, are widely used to transiently
inhibit miRNA function (39). However, this method has several
limitations. It is difficult to directly measure the depletion
of an miRNA, because the antisense oligonucleotide binds
to the miRNA and sequesters it from its target rather than
inducing its degradation. The lentiviral vector-mediated gene
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Figure 1. miR-155 expression is increased in mice with OVA-induced asthma and decreased after the administration of a miR-155 shRNA lentiviral vector
in vivo. (A) Relative expression of miRNA-155 in mouse lungs. (B) Fluorescence microscopy of mouse lung sections (magnification, x100) after lentiviral
vector exposure showing green fluorescent protein expression. n=4-6 mice/group. "P<0.01 vs. the saline group; “P<0.01 vs. Mock group. OVA, ovalbumin;
miR-155, microRNA-155; shRNA, short hairpin RNA; GFP, green florescent protein.
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Figure 2. miR-155 shRNA lentiviral vector delivery attenuates airway
inflammation after OVA challenge. (A) Differential cell counts for Mac,
Eos, Lymph and Neu were calculated from cytospin preparations of
bronchoalveolar lavage fluid collected 24 h after the last OVA challenge.
(B) Histopathological sections of lungs collected 24 h after the last OVA
challenge, and stained with hematoxylin and eosin (magnification, x200). n=5
mice/group. "P<0.01 vs. the saline group; “P<0.05, #P<0.01 and **P<0.001
vs. Mock group. Mac, macrophages; Eos, eosinophils; Lymph, lymphocytes;
Neu, neutrophils; OVA, ovalbumin; miR-155, microRNA-155; shRNA, short
hairpin RNA.

delivery system also has some advantages over antagomirs,
including a high efficiency of gene transduction into a wide
variety of cells, including dividing and non-dividing cells,
and long-term infection (40,41). Lentiviral vectors were used
to knockdown miR-155, stably and specifically, in vivo. The
lentivirus encoding miR-155 shRNA used in the present study
successfully downregulated miR-155 expression. However, it
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Figure 3. Delivery of miR-155 shRNA lentiviral vectors suppresses the
development of airway hyperresponsiveness. Mice were exposed to
nebulized saline, followed by increasing doses (3-25 mg/ml) of nebulized
methacholine for 3 min each. Breathing indices were measured for 3 min
after each nebulization and enhanced pause values were determined. n=4-5
mice/group. "P<0.01 vs. the saline group; “P<0.05 vs. Mock group. OVA,
ovalbumin; miR-155, microRNA-155; shRNA, short hairpin RNA; R,,,
airway resistance.

was not clear what the target cells for anti-miR-155 were in
the present study. A deficiency in miR-155 reduces cluster
of differentiation (CD)4* T cell activation and transcription
factor expression in the lungs (17). In addition, miR-155
deficient dendritic cells (DCs) have been demonstrated to
exhibit limited Th2 priming capacity and thus failed to
induce airway inflammation (18). These results indicate that
suppression of miR-155 expression, through anti-miR-155
treatment, in CD4* cells and/or DCs in vivo may contribute
to the attenuation of asthmatic features in mouse models of
asthma. Furthermore, other cell types, including bronchial
epithelial cells and airway smooth muscle cells, may be target
cells for anti-miR-155 treatment.

miRNAs are believed to function in vivo by targeting
multiple functionally related proteins or a key protein
target (42,43). Several target genes for miR-155 have been iden-
tified, including transcription factor PU.1, activation-induced
cytidine deaminase, suppressor of cytokine signaling
1 and inositol polyphosphate-5-phosphatase D (44,45).
Rodriguez et al (12) confirmed that MAF bZIP transcription
factor was a direct target of miR-155 in T cells. However, in
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Figure 4. Silencing of miR-155 decreases cytokines levels in bronchoalveolar lavage fluid. IL-4, IL-5 and IL-13 concentrations in BALF were assessed
by ELISA 24 h after the last OVA challenge. ‘P<0.01 vs. the saline group; “P<0.01 vs. the mock group. n=5-6 mice/group. OVA, ovalbumin; miR-155,

microRNA-155; shRNA, short hairpin RNA; IL, interleukin.

the present study, the proteins that were targeted by miR-155
were not identified.

In conclusion, the present study identified that miR-155
was significantly upregulated in an OVA-induced mouse
model of asthma, and that inhibition of miR-155 using a lenti-
viral vector alleviated airway inflammation, AHR and Th2
cytokine release. These results highlight the important role of
miR-155 in the pathogenesis of asthma and that miR-155 may
serve as a novel target for the treatment of allergic inflamma-
tory diseases.
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