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 Background: Pollen is the most common aeroallergen to cause conjunctivitis. In this study, we established a short ragweed 
(SRW)-induced mouse model of allergic conjunctivitis (AC) and aimed to explore the potential role of miR-146a 
and its downstream molecules in the development of ocular allergic inflammation.

 Material/Methods: The mouse model of challenge pollen was used for in vivo study. The culture model of primary human limbal 
epithelium (HLE) exposed to lipopolysaccharide (LPS) was performed for in vitro research. The numbers of eo-
sinophils and total inflammatory cells were examined using Giemsa staining. The expression of mRNA and miR-
146a was determined by quantitative RT-PCR, and protein production was evaluated by Western blotting.

 Results: In vivo of mice, pollen challenge induced conjunctiva inflammatory response indicated by increased number 
of eosinophils and total inflammatory cells. Interestingly, pollen significantly attenuated miR-146a expression 
while it enhanced expression of thymic stromal lymphopoietin (TSLP) and its downstream molecules, includ-
ing TSLP receptor (TSLPR)/ OX40 ligand (OX40L) /CD11C. In vitro of HCE, downregulation effect of miR-146a 
expression induced by LPS was reversed by Bay treatment, an inhibitor for nuclear factor kappa B (NF-kB), and 
LPS-induced cell inflammation is mediated by miR-146a-TSLP/TSLPR/OX40L/CD11C signaling pathway. This was 
further demonstrated by overexpression of miR-146a in mouse abrogated pollen-triggered conjunctiva inflam-
matory reaction as well as pollen-induced activity of TSLP/TSLPR/OX40L/CD11C signaling.

 Conclusions: Down-regulation of miR-146a expression induces allergic conjunctivitis in mice by increasing TSLP level.
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Background

Allergic conjunctivitis (AC) is one of the most common ocular 
surface diseases. The disease encompasses a variety of path-
ological conditions, and can be subdivided into seasonal and 
perennial allergic conjunctivitis based on immunopathologi-
cal mechanisms [1]. AC is an abnormal immune-hypersensitiv-
ity response to allergens, including animal dander and house 
dust mites, as well as pollen, which commonly triggers sea-
sonal conjunctivitis [2]. Pollen is a ubiquitous substance and 
is regarded as the most difficult allergen to control [3]. There 
is no effective therapy due to lack of evidence of the underly-
ing molecular mechanism by which pollen induces allergic in-
flammation of conjunctiva.

Thymic stromal lymphopoietin (TSLP), an epithelium-derived 
cytokine, is regarded as a novel pro-allergic molecule and can 
strongly activate dendritic cells through interaction with the 
TSLP receptor (TSLPR) to induce an inflammatory Th2-type re-
sponse that is essential for initiating allergic inflammation [4]. 
The mechanism underlying TSLP-induced inflammation has been 
pointed out that TSLP-treated dendritic cells express OX40 li-
gand (OX40L), which interacts with OX40 to prime CD4+ T cells 
to produce the pro-allergic cytokines IL-4, IL-13, and IL-5 [4]. 
TSLP was found to be highly expressed in inflamed conjuncti-
va and its combining with its downstream signaling pathway 
TSLPR/OX40L/CD11C has proved to be involved in short ragweed 
(SRW) pollen-induced allergic inflammation [5,6]. Due to its im-
portant role in the initiation and maintenance of the allergic im-
mune response, TSLP may become an important biomarker and 
therapeutic target for intervention in allergic inflammatory re-
sponses. Thus, a comprehensive elaboration on discovering the 
underlying mechanism of TSLP-mediated AC is urgently needed.

MicroRNAs are small non-coding RNAs that bind to multiple 
target mRNAs to control gene expression post-transcriptionally 
by inhibiting translation. In mammalian cells, microRNAs play 
important roles in a diverse array of cellular processes (e.g., 
cell proliferation and differentiation) [7,8]. Importantly, alter-
ations in their levels may compromise cellular function, pre-
disposing to disease [9]. Although there is no direct evidence 
focusing on miRNAs in AC, miRNAs have been reported to reg-
ulate allergic inflammation-related TSLP-signaling pathway in 
rhinitis and asthma [10]. For example, miR-21 is a negative 
regulator of Toll-like receptor 4 (TLR4) signaling and of the ac-
tivation of nuclear factor kappa B (NF-kB) [11]. Up-regulated 
expression of 1 candidate miRNA, miR-126, was dependent 
on both TLR4 and MyD88, linking expression with activation 
of this innate immune pathway and the induction of allergic 
disease [12]. miR-21 was correlated with HSV-induced BD-
like inflammation in mice as well as in  Behçet’s Disease (BD) 
patients [13]. miR-146a, initially linked with the inflammato-
ry response by virtue of their potent up-regulation in multiple 

immune cell lineages by Toll-like receptor ligands, inflamma-
tory cytokines, and specific antigens, is involved in many in-
flammatory response in several diseases, including keratino-
cytes [14]. However, the pathogenic role of the miR-146a in 
the development of AC remains unknown.

To uncover the novel molecular signaling pathways involved 
in pollen-induced allergic inflammation, the present study was 
conducted using a well-characterized mouse model of aller-
gic conjunctivitis induced by SRW pollen in BALB/c, as well as 
a lipopolysaccharide (LPS)-stimulated inflammatory model of 
cultured human corneal limbal epithelial cells.

Material and Methods

Regents

Ambrosia artemisiifolia short ragweed (SRW) pollen was pur-
chased from Greer Lab (Lenoir, NC). Lipopolysaccharides (LPS), 
isolated from Escherichia coli, were purchased from Sigma 
(Sigma-Aldrich Co., USA). Bay 11-7082, an inhibitor for NF-kB 
via inhibiting cytokine-induced IkB-a phosphorylation, was 
purchased from Sigma (Sigma-Aldrich Co., MO, USA). Inject 
Alum Adjuvant was purchased from Pierce Biotechnology 
(Rockford, IL, USA)

Animals and Model of experimental allergic conjunctivitis 
(EAC)-induced by SRW pollen

The animal experimental protocols were approved by the 
Institutional Animal and Care Committee of Zhejiang University. 
BALB/c mice, aged 4–6 weeks, were obtained from Nanjing Jun 
Biological Engineering Co., LTD (Nanjing, China) and maintained 
in specific pathogen-free conditions in micro-isolator cages 
according to the guidelines provided in Zhejiang University 
Laboratory Animal Center.

The mouse model of allergic conjunctivitis was induced by SRW 
pollen. Briefly, mice were previously immunized with SRW pollen 
combined with Inject Alum Adjuvant (50 μg in 5 mg) by foot-
pad injection. Ten days after immunization, allergic conjuncti-
vitis was induced by SRW pollen drops mixed with phosphate-
buffered saline (PBS, pH 7.2; 1.5 mg in 10 μl) once a day (n=5). 
PBS drops treatment was used as control (n=5). Animals’ ac-
tion was examined on minute 20 after SRW pollen treatment. 
Twenty-four hours after SRW challenge, the corneal epithelium 
and conjunctiva were harvested for gene expression assays.

Culture of human corneal limbal epithelium

Human corneal limbal epithelium (HLE) was cultured from ex-
plants of human donor corneoscleral rims, provided by the First 
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Affiliated Hospital of Zhejiang University. Each corneoscleral 
rim was trimmed and digested by Dispase for 15 minutes. The 
digestive mixture was dissected and applied to 6-well plas-
tic dishes with a drop of FBS overnight. The cells were cul-
tured in supplemented hormonal epithelial medium (SHEM) 
containing equal amounts of DMEM and Ham’s F12 medium, 
supplemented with 5% FBS, 0.5% dimethyl sulfoxide, 2 ng/ml 
EGF, 5 mg/ml insulin, 5 mg/ml transferrin, 5 ng/ml selenium, 
0.5 mg/ml hydrocortisone, 30 ng/ml cholera toxin A, 50 mg/ml 
gentamicin, and 1.25 mg/ml amphotericin B at 37°C and 5% 
CO2. Cultures were maintained for 10 to 14 days until conflu-
ence up to 90% and then switched to the serum-free medium 
described above before the addition of treatments.

To demonstrate the effect of NF-kB LPS-induced inflammation 
of the corneal epithelium, primary cultures of HLE were treat-
ed with 5 μmol/L Bay or in combination with 0.5 μg/ml bacte-
rial LPS. These treatments were maintained for 24 hours. After 
treatment, the culture supernatant was collected from each 
well, centrifuged, and stored in -80°C until assayed by qRT-PCR.

Giemsa staining

To detect inflammatory cell infiltration, eyes, including eyelids 
and conjunctiva, were exenterated and fixed in 4% paraformal-
dehyde for 24 hours. Then, they were cut into cross-sections 
3-mm thick and stained with toluidine blue and hematoxy-
lin-eosin for detection of total inflammatory cells and eosino-
phils, respectively. Infiltrating cells in the lamina propria muco-
sae of the palpebral and bulbar conjunctivas were presented 
by 2 masked observers (Palpebral zone and bulbar conjuncti-
va). The slides were evaluated by microscope at magnification 
×400. Data are presented as mean ±SD per mm2.

Quantitative RT-PCR

For miR-146a and TSLP/TSLPR/OX40L/CD11C mRNA expres-
sion analysis, total miRNAs were isolated from mouse tissue 
specimens and human cells using TRIzol Reagent (Invitrogen, 
Carlsbad, USA) according to the manufacturer’s protocol. The 
purity of all RNA samples was quantified by NanoDrop® ND-1000 
Spectrophotometer and stored at –80°C. The first strand cDNA 
was synthesized by RT from 1 μg of total RNA using superscript 
III reverse transcriptase (Takara, Tokyo, Japan). Real-time PCR 
was performed with specific primers and probes using TaqMan® 
gene expression assays and TaqMan® master mix (Applied 
Biosystems, Foster City, CA, USA). The results were analyzed by 
the comparative threshold cycle (Ct) method. miR-146a expres-
sion level is normalized by U6 and TSLP/TSLPR/OX40L/CD11C 
expression is normalized by GAPDH, respectively.

Western blot

Western blotting was performed to evaluate the expression 
of TSLP protein in HLE cells and conjunctiva tissue. Briefly, tis-
sues or transfected cells were washed twice with cold phos-
phate-buffered saline (PBS) and were lysed with iced RIPA buf-
fer containing 1% PMSF (KeyGen, Nanjin, China). After total 
protein detection using a BCA kit (Beyotime, Shanghai, China), 
protein lysates were separated on 8% SDS polyacrylamide gel, 
transferred to PVDF membranes, and blocked in 0.1% Tween 
20 and 5% skim milk protein in Tris Buffer Saline at room tem-
perature for 2 hours. Target proteins were probed with rab-
bit anti-TSLP antibody (1:500; Santa Cruz, USA), and rabbit 
anti-b-Actin antibody (1:2000; acted as an internal control, 
Zhongshan, Inc., Beijing, China) overnight at 4°C. The mem-
branes were washed twice and visualized with horseradish per-
oxidase (HRP)-conjugated secondary antibodies for 2 hours. 
Tagged proteins were detected by enhanced chemilumines-
cence (KeyGen, Nanjing, China).

Knockdown and overexpression experiments

In human corneal limbal epithelial cells, for miR-146a knock-
down, cells were transfected with miRCURY LNATM microR-
NA Power Inhibitors (Exiqon) for miR-146a, with nonsense 
strand as negative control (NC). For miR-146a overexpres-
sion, the cells were transfected with miRIDIAN Mimics for 
miR-146a (Dharmacon) with nonsense strand as Pre-negative 
control (Pre-NC). All transfections were carried out using lipo-
fectamine 2000 according to the manufacturers’ protocol and 
cells were harvested after 48 hours for subsequent experi-
ments. In BALB/c mice, for miR-146a overexpression, the mice 
were intravenously injected with miR-146a mimic (10 mg/kg). 
Forty-eight hours after injection, the mice were prepared for 
subsequent experimentation.

Dual luciferase reporter assays

Bioinformatics analysis of miR-146a target sites was performed 
using TargetScan Human Release 6.2 (http://www.targetscan.
org/). Oligonucleotide pair was designed to contain miR-146a 
target sequences in 3’-UTR of TLSP. The pair was connected 
into the pmirGLO Dual-Luciferase miRNA Target Expression 
Vector which maintained the miRNA target region in the cor-
rect 5’ to 3’ orientation. HLE cells plated on 24-well plates were 
co-transfected with 50 nmol of -miR-146a mimics, inhibitor, or 
their NC and with 200 ng reporter plasmid using Lipofectamine 
2000 Transfection Reagent according to the manufacturer’s in-
structions. Cells were lysed and the relative luciferase activities 
were quantified at hour 48 after transfection using the Dual 
Glo Luciferase Assay System (Promega, WI, USA). All transfec-
tions were carried out in triplicate.
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Statistical analysis

All data were analyzed with SPSS software (version 16.0; SPSS 
Inc., Chicago, Illinois, United States). Student’s t-test was used 
to compare differences between the 2 groups. The data are 
presented as mean ±s.d. P values <0.05 were considered sta-
tistically significant.

Results

Inflammatory cells and signaling molecules in an allergic 
conjunctivitis mouse model induced by SRW

To explore the role of miR-146a and its possible downstream 
signaling pathway in pollen-induced inflammation of the con-
junctiva, a model of allergic conjunctivitis (AC) was performed 
in BALB/c mice challenged by SRW pollen, with PBS-treated 
mice as control. Pollen challenge brought about human con-
junctivitis behavior in mice, including eyelid edema, conjunc-
tival congestion and edema, sweeping and frequent scratch-
ing eyelid. These pathologic signs lasted for 8~12 hours. One 
hour after the model was established, conjunctiva of mice 
were removed for further analysis. We counted the numbers 
of eosinophils cell and total inflammatory cells using Giemsa 
staining assay. As shown in Figure 1A, numbers of eosinophils 
and total inflammatory cells were substantially increased in AC 
mice compared to control mice. Evaluated by RT-qPCR, miR-
146a expression was significantly downregulated (Figure 1B) 
in AC mice. On the contrary, pollen treatment enhanced ex-
pression of TSLP mRNA as well as increased mRNA levels of 
TSLPR, OX40L, and CD11C (Figure 1C).

NF-kB mediated inflammation-induced miR-146a and 
TSLP expression in LPS-stimulated human corneal limbal 
epithelial cells

To further investigate the role of miR-146a in pollen-triggered 
conjunctivitis, we established an in vitro inflammation mod-
el of corneal cells by cells incubated with LPS (0.5 ug/ml). The 
cell was pretreated with or without Bay, an inhibitor for NF-
kB, to examine the effect of NF-kB on the underlying mole-
cule of conjunctiva inflammation. The result showed that LPS 
treatment induced expressional inhibition of miR-146a, which 
is consistent with that in pollen-stimulated allergic conjunc-
tivitis. This inhibitory action was abrogated by Bay treatment 
(Figure 2A). Next, we evaluated TSLP expression in both mRNA 
and protein levels. The data showed that LPS increased TSLP 
expression while this promotion effect was inhibited by Bay 
treatment (Figure 2B).

MiR-146a negatively regulates TSLP expression in human 
corneal limbal epithelial cells

To determine the possible regulatory role of miR-146a on TSLP 
expression, we treated cells with miR-146a mimic or miR-146a 
inhibitor as well as their negative control accompanied by lu-
ciferase-labelled TSLP gene. TSLP expression was determined 
48 hours after transfection. The data from the luciferase re-
port plasmid analysis showed that overexpression of miR-146a 
attenuated TSLP mRNA 3’UTR activity. Accordingly, it also in-
hibited TSLP expression in both levels of miRNA and protein 
(Figure 3A). On the contrary, knock-down of miR-146a induced 
increase of activity of TSLP mRNA 3’UTR, as well as enhanced 
miR-146a expression of mRNA and protein (Figure 3B).

Overexpression of miR-146a abrogated LPS-induced TSLP 
expression in human corneal limbal epithelial cells

To verify regulated TSLP by miR-146a in LPS-stimulated corne-
al limbal epithelial cells, we treated cell with miR-146a mim-
ic and observed TSLP expression. The result showed that LPS-
induced increase expression of TSLP mRNA and protein was 
inhibited by overexpression of miR-146a (Figure 4).

Overexpression of miR-146a reverses pollen effect in 
BALB/c mice

To explore whether miR-146a is the key regulator for pollen-trig-
gered conjunctivitis, we observed inflammatory response and 
signaling pathway in miR-146a mimic-injected SRW-stimulated 
BALB/c mice. All these indexes were examined after 48 hours 
of miR-146a mimic vein intravenous injection. The numbers of 
eosinophils and total inflammatory cells were both decreased 
in conjunctiva simultaneous treated with pollen and miR-146a 
compared to pollen alone (Figure 5A). Pollen-induced increase 
of expression of TSLP and its downstream molecules, includ-
ing TSLPR, OX40L, and CD11C, was also attenuated (Figure 5B).

Discussion

Accumulating evidence suggests that disease occurrence is a 
process of genetic manipulation, in which miRNA, a ubiqui-
tous non-coding RNA, has been shown to be the key regula-
tor in disease pathogenesis. As such, recent studies proposed 
that miRNAs can serve as important therapeutic targets in a 
wide range of human diseases [15–17] in which they can reg-
ulate the expression of key genes [18]. In our present study, 
we identified miR-146a as a new regulator for pollen-induced 
AC, and that, combined with its downstream pathway of TSLP/
TSLPR/OX40L/,
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CD11C might be a potential therapy target in a well-character-
ized mouse AC model by SRW pollen. Furthermore, the data 
indicated that the miR-146a-mediated process of conjunctival 
inflammation was in a NF-kB-dependent pathway.

Although there have been numerous studies on the develop-
ment of allergen-induced inflammation, the mechanisms lead-
ing to resolution of allergic inflammation remain poorly under-
stood. This is an important challenge because failure to resolve 
allergen-driven inflammation potentially leads to recurrent or 
chronic allergic diseases. SRW pollen is a ubiquitous allergen 
that affects a large population worldwide and commonly in-
duces AC [19]. It has been reported that AC is characteristic of 
inflammation occurrence in a Th2-dominant hypersensitivity 
that is mediated by the TSLP-induced inflammation reaction 
[5]. In the present study, we found that TSLP production and its 

downstream TSLPR/OX40L/CD11C molecules expression were 
elevated in repeatedly SRW pollen-triggered mice conjuncti-
va. Interestingly, we found that miR-146a, an inflammation-
related miRNA, was downregulated in inflamed conjunctiva.

MiR-146a, extensively expressed in tissues, has been report-
ed to be involved in various inflammation responses [20]. In 
this study, to identify whether miR-146a serves as a function-
al agonist capable of inducing TSLP triggered allergic inflam-
mation, we demonstrated the stimulated TSLP/OX40L/OX40/
CD11C signaling pathway in human corneal cells model by LPS 
stimulated inflammation. We selected the LPS-induced mod-
el of inflammation because there is a potential link between 
bacterial pathogens and allergic conjunctivitis [21]. From the 
result, we observed the evidence that miR-146a functioned 
as a key negative regulator for TSLP/TSLPR/OX40L/CD11C 
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Figure 1.  Signaling molecules expression in SRW-stimulated conjunctiva of mice. BALB/c mice were sensitized with SRW with Inject 
Alum Adjuvant for 10 days with PBS as control. After immune, individual mice were challenged with SRW through ocular 
instillation. Animals were sacrificed 24 hours after the challenge for following detection. (A) Quantitative numbers of 
eosinophils and total inflammatory cells in conjunctiva tissue using Giemsa staining. qRT-PCR was used to detect (B) level of 
miR-146a expression, and (C) mRNA levels of TSLP, TSLPR, OX40L and CD11C expression. AC, allergic conjunctivitis. Data are 
presented as mean ±s.d. ** P<0.01 compared with control with no SRW treatment.
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Figure 3.  miR-146a regulates TSLP expression in human corneal limbal epithelial cells. (A) Cells were treated with miR-146a mimic 
and then lysed for analysis of TSLP 3’UTR activity and TSLP expression. (B) Cells were treated with miR-146a inhibitor and 
then lysed for analysis of TSLP 3’UTR activity and TSLP expression. NC, negative control. Data are presented as mean ±s.d. 
** P<0.01 compared with pre-NC or NC.
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Figure 5.  Effect of miR-146a overexpression on 
SRW-stimulated allergic conjunctivitis 
in mice. Before being challenged 
through ocular instillation with 
SRW, BALB/c mice were pretreated 
with miR-146a by injection. Animals 
were sacrificed 24 hours after the 
challenge and then (A) the numbers 
of eosinophils and total inflammatory 
cells and (B) mRNA levels of TSLP, 
TSLPR, OX40L, and CD11C were 
determined. Data are presented with 
mean ±s.d. ** P<0.01 compared with 
pre-NC+AC.
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signaling in primary human corneal cells. This result suggest-
ed that miR-146a might serve as a potential therapeutic tar-
get for inflammation. We next demonstrated TSLP signaling 
in allergic inflammation via a miR-146a-dependent innate im-
mune response. This novel phenomenon was revealed by evi-
dence that LPS-induced elevated TSLP expression was abrogat-
ed by miR-146a mimic treatment in primary cultured human 
corneal cells, strongly confirmed by evidence that all clinical 
signs of allergic conjunctivitis (data not shown), the numbers 
of eosinophils and total inflammatory cells, as well as TSLP 

production and its downstream signals, were significantly re-
duced or eliminated in miR-146a mimic combined with SRW 
pollen-treated BALB/c mice.

In the human culture model, we observed that LPS stimulat-
ed TSLP expression and miR-146a expression were abrogated 
by the NF-kB activation inhibitor, Bay [22]. This result further 
supports our hypothesis that miR-146a serves as a function-
al inflammation mediator because NF-kB is a well-known sig-
naling pathway of inflammation response as well as allergic 
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inflammation. Although this data suggested that allergen-in-
duced miR-146a was NF-kB-dependent, further studies are nec-
essary to explore the signaling pathways involved in the NF-kB-
mediated miR-146a innate immune response induced by SRW.

Conclusions

In conclusion, we have for the first time uncovered a nov-
el miRNA – miR-146a – serving as a functional inflammation 
mediator, that induces TSLP/OX40L/OX40/CD11C signaling 
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