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Simple Summary: Airway hyperresponsive diseases (AHD), such as asthma and chronic obstructive
pulmonary disease (COPD), are a serious public health burden worldwide. Studies have shown
that viral infection plays an important role in asthma and COPD, especially RSV. In this study, we
analyzed differentially expressed miRNAs (DEmiRs) in RSV-infected patients, asthma patients, and
COPD patients by screening miRNA profiling from public datasets. Integrated analysis was then
performed with mRNA datasets obtained from RSV-infected patients. We found that miR-34b/c-5p
was downregulated. In vivo and in vitro experiments confirmed that decreased hsa-miR-34b/c-
5p expression induced CXCL10 secretion and promoted THP-1 derived macrophages chemotaxis.
In addition, miR-34c-5p can bind directly to CXCL10. This study provides new insights into the
molecular mechanism of hsa-miR-34b/c-5p/CXCL10 in airway inflammation and AHR.

Abstract: Background: RSV is closely correlated with post-infection airway hyperresponsive diseases
(AHD), but the mechanism remains unclear. Objective: Due to the pivotal role of miRNAs in AHD,
we analyzed the differentially expressed miRNAs (DEmiRs) in RSV-infected patients, asthma patients,
and COPD patients from public datasets and explored the mechanisms of association between RSV
and AHD. Methods: We obtained miRNA and mRNA databases of patients with RSV infection, as
well as miRNA databases of asthma and COPD patients from the GEO database. Through integrated
analysis, we screened DEmiRs and DEGs. Further analysis was carried out to obtain the hub genes
through the analysis of biological pathways and enrichment pathways of DEGs targeted by DEmiRs
and the construction of a protein-protein interaction (PPI) network. Results: The five differential
molecules (miR-34b/c-5p, Cd14, Cxcl10, and Rhoh) were verified through in vivo experiments
that had the same expression trend in the acute and chronic phases of RSV infection. Following
infection of BEAS-2B cells with RSV, we confirmed that RSV infection down-regulated miR-34b/c-
5p, and up-regulated the expression levels of CXCL10 and CD14. Furthermore, the results of the
dual-luciferase reporter assay showed that CXCL10 was the target of hsa-miR-34c-5p. Conclusions:
miR-34b/c-5p/CXCL10 axis mediates a mechanism of AHD.

Keywords: respiratory syncytial virus; mRNA-miRNA; integrated analysis; miR-34b/c-5p; CXCL10;
airway hyperresponsiveness

Biology 2023, 12, 317. https://doi.org/10.3390/biology12020317 https://www.mdpi.com/journal/biology

https://doi.org/10.3390/biology12020317
https://doi.org/10.3390/biology12020317
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biology
https://www.mdpi.com
https://orcid.org/0000-0002-2871-4078
https://orcid.org/0000-0002-0283-2105
https://doi.org/10.3390/biology12020317
https://www.mdpi.com/journal/biology
https://www.mdpi.com/article/10.3390/biology12020317?type=check_update&version=1


Biology 2023, 12, 317 2 of 16

1. Introduction

Airway hyperresponsive diseases (AHD), such as asthma and chronic obstructive
pulmonary disease (COPD), are a serious public health burden worldwide. Studies have
shown that viral infection plays an important role in acute exacerbations of adult asthma
and COPD [1–3]. RSV is an enveloped RNA virus with a single-stranded negative chain
genome and a common pathogen that causes lung infections in infants and young children.
Children who have experienced severe RSV infection during infancy leading to bronchiolitis
have an increased likelihood of recurrent wheezing or asthma by age of 13 [4]. RSV
aggravates post-infection asthma and COPD through multiple mechanisms and airway
immune imbalance and involvement of the lung-brain axis are the main ideas [5–7]. At
present, although there are many studies designed to study the mechanism of respiratory
dysfunction caused by RSV infection [8,9], it remains unclear.

In animal models, RSV infection can significantly increase the infiltration of neu-
trophils, eosinophils, and lymphocytes into the airways. It also induces the release of high
levels of pro-inflammatory cytokines, including IL-1, IL-6, IL-12, IL-13, IFN-γ, and TNF-α,
chemokines, such as CCL5, CXCL10, and CXCL11, and TNF-related apoptosis-inducing
ligand (TRAIL) [10]. These contribute to airway inflammation, excessive mucus secretion,
and AHR. During RSV infection, chemokines are key drivers of antiviral responses. They
can interact with chemokine receptors to promote recruitment and activation of peripheral
immune cells to resist viral infections [11]. However, excessive inflammatory response
leads to enlarged lung injury, causing related respiratory diseases. Because a variety of
chemokines exhibit higher expression levels in patients with airway diseases than in the
control group, various small molecule antagonists of their receptors (such as CXCR3, CCR1,
CCR4, and CCR5) have been developed to treat AHD [12].

MicroRNAs (miRNAs) are small non-coding single-stranded RNAs, usually composed
of 18–25 nucleotides. They can induce the degradation of messenger RNA (mRNA) to
inhibit the translation process of target genes, and negatively regulate gene expression at
the post-transcriptional level. miRNAs are potential therapeutic targets by either inhibiting
the viral genome or promoting host antiviral signaling. This is not only the case for RSV, but
also for other respiratory viral infections [13]. Abnormal miRNA caused by RSV infection
not only participate in the acute phase of inflammation, but also in the differentiation
of immune cells and the expression of immune tolerance-related genes associated with
AHR after viral infection [14]. Therefore, targeting specific miRNAs may be a potential
prophylactic or therapeutic strategy for RSV-induced AHD.

In this study, we analyzed differentially expressed miRNAs (DEmiRs) in RSV-infected
patients, asthma patients, and COPD patients by screening miRNA profiling from public
datasets. Integrated analysis was then performed with mRNA datasets obtained from RSV-
infected patients. We found that miR-34b/c-5p was downregulated. In vivo and in vitro
experiments were conducted to verify the expression of miR-34b/c-5p and its target genes,
which may explain the inflammation mechanism of AHR.

2. Materials and Methods
2.1. Microarray Data

The eight microarray expression profile datasets, including GSE62306, GSE33336,
GSE142237, GSE69683, GSE103166, GSE56766, GSE106986, and GSE117827, were obtained
from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/;
accessed on 12 November 2020) [15–19]. Datasets GSE62306, GSE33336, and GSE142237
are miRNA expression profiles. GSE62306 included nasal mucosa samples from 13 healthy
children and 14 severely infected children with RSV using Agilent’s GPL19263 sequencing
platform. GSE33336 contained 9 patients with mild COPD and 20 patients with moderate
COPD from lung tissue using the GPL6955 sequencing platform of Agilent. GSE142237 had
a total of 10 samples derived from bronchial epithelial cells, including 3 healthy controls
and 7 asthmatics, using the GPL18058 sequencing platform of Exiqon miRCURY LNA
microRNA array. GSE117827 was an mRNA expression profile containing 6 healthy control

https://www.ncbi.nlm.nih.gov/geo/
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samples and 5 RSV-infected samples, derived from nasal mucosa samples from children
after excluding other unrelated infections using the Affymetrix GPL23126 sequencing plat-
form. GSE103166 and GSE106986 were used to analyze changes in hub gene expression in
asthma and COPD airways, respectively, while GSE69683 and GSE56766 were used to ana-
lyze changes in hub gene expression in asthma and COPD blood, respectively. GSE103166
contains 106 samples using the Affymetrix GPL23961 sequencing platform. GSE106986
contains 19 samples using the Agilent GPL13497 sequencing platform. GSE69683 contains
498 samples using the Affymetrix GPL13158 sequencing platform. GSE56766 contains
206 samples using the Affymetrix GPL570 sequencing platform.

2.2. Differential miRNAs (DEmiRs) and Genes (DEGs) Screening

R software (version 4.0.3; https://www.r-project.org/; accessed on 5 November 2020)
and Bioconductor (http://www.bioconductor.org/; accessed on 5 November 2020) were
used to process raw data. Sequencing platform files were used to convert probes and genes.
When the genes had multiple probes, only the maximum probe corresponding data was
taken. After the datasets were calibrated and normalized, the limma package was used for
the screening [20].The R packages ggplot2 and heatmap were used for data visualization.

2.3. Prediction of miR-34b/c-5 Target Genes from DEGs

The miRDB online tool (http://mirdb.org/; accessed on 17 November 2020) was
used to obtain miR-34b/c-5p potential target genes. The predicted target genes of both
miRNAs and up-regulated mRNAs in the GSE117827 dataset were analyzed by Venn, and
significantly upregulated target genes were obtained after the intersection.

2.4. Analysis of GO and KEGG Pathway

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analyses (https://amp.pharm.mssm.edu/Enrichr/; accessed on 14 November 2020)
were used to demonstrate the functions and roles of target genes.

2.5. Construction of PPI Network and Identification of Hub Genes

The differentially expressed target genes were uploaded to the STRING’s online
database (https://string-db.org/; accessed on 14 November 2020). Cytoscape software
(version 3.7.1, Seattle, WA, USA) was then used to analyze PPI networks based on STRING
results. Cytoscape’s Molecular Complex Detection (MCODE) plug-in was applied to find
the modules of the entire network. The hub genes were identified using the Cytoscape
software plug-in cytoHubba, including density of maximum neighbourhood component
(DMNC) and maximal clique centrality (MCC) [21]. The top 10 genes with the highest
connectivity were identified as key genes.

2.6. Cell Culture and Viral Preparation

Human lung epithelial BEAS-2B cells, Hela cells, and HEK293T cells were cultured
in DMEM plus 10% fetal bovine serum (FBS) at 37 ◦C and 5% CO2. RSV (type A2) was
stored by the Department of Medical Microbiology, Central South University. RSV was
propagated in Hela cells with DMEM containing 3% FBS and viral titers were determined
by plaque assay.

2.7. Transfection of miRNA Mimics and RSV Infection

Synthetic miR-34b/c-5p mimics (50 nmol/L) or negative control (RiboBIO, Guangzhou,
China) were transfected into BEAS-2B cells following riboFECT CP Transfection Kit (Ribo-
BIO, C10511-05, Guangzhou, China) for 24 h. Subsequently, cells were infected with RSV at
MOI = 1 for 48 h.

https://www.r-project.org/
http://www.bioconductor.org/
http://mirdb.org/
https://amp.pharm.mssm.edu/Enrichr/
https://string-db.org/
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2.8. Dual-Luciferase Reporter Assay

Simply, 3′-UTR fragments of CXCL10 containing miR-34c binding site were ampli-
fied by Nanjing Genscript Biological Technology Co., Ltd. and cloned into pmirGLO
vector (Promega, Madison, WI, USA). Then, wild type CXCL10 or mutant CXCL10 3′-UTR
(CXCL10-WT or CXCL10-MUT) was constructed. Next, the constructed plasmids were
co-transfected with miR-34c-5p mimics or mimics-NC into 293T cells using Lipofectamine
2000 (Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions. After
48 h of transfection, luciferase activity was measured by the dual-luciferase reporter system
(Promega, USA).

2.9. Animal Models of RSV-Induced AHR

Animal models of AHR induced by RSV were established according to the previous
method [22]. Briefly, 6-8 weeks BALB/c female mice weighing 16–20 g (purchased from
Hunan Tianqin Biological Technology Co., Ltd., Changsha, China) were kept in a pathogen-
free environment. The mice were randomly divided into the control group (n = 12) and
the RSV group (n = 12). After anaesthetizing the mice with isoflurane, 5 × 106 pfu RSV in
100 µL, was intranasally inoculated. For mock infections, mice were given an equivalent
volume of sterile PBS. The airway resistance of mice was tested on day 7 and 28 post-
infection (6 mice from each group). The mice were then sacrificed, and their lungs were
taken for follow-up studies. RSV infection was verified by indirect immunofluorescence
(IFA) with RSV major surface glycoprotein G monoclonal antibody (Bioss, bs-1264R, Beijing,
China) as the primary antibody and CY3-conjugated antibody (Boster, BA1032, Wuhan,
China) as the secondary antibody.

2.10. Real-Time RT-PCR

Total RNA was extracted from lung tissue or cells using TRIzol reagent (Takara,
Osaka, Japan). Primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China),
and the gene names and primer sequences of the genes were shown in Supplementary
Table S1. Each sample was reverse transcribed into cDNA using RR036A PrimeScript RT
Master Mix (Perfect Real Time) (Takara, Japan). For miRNA cDNA synthesis, use RR037A
PrimeScript RT Master Mix (Perfect Real Time) (Takara, Japan) with miRNA-specific stem-
loop RT primers. The cDNA was then synthesized by reverse transcription and amplified
using 2× SYBR Green qPCR Master Mix (Bimake, Houston, TX, USA) according to the
manufacturer’s instructions. qPCR was performed at 95 ◦C for 3 min, 40 cycles of 95 ◦C
for 15 s, 55 ◦C for 30 s, and 72 ◦C for 30 s. U6 was the internal reference for miR-34b/c,
and GAPDH was the internal reference for other target genes. Relative mRNA expression
levels were calculated using the 2−∆∆CT method.

2.11. Measurement of Airway Responsiveness to Methacholine

The airway resistance of the mice was measured on the 7th and 28th day of RSV
infection by the Buxco pulmonary function testing system (Buxco, Sharon, Wilmington, NC,
USA). After anesthetizing the mice with sodium pentobarbital (60 mg/kg), the airway was
separated and tracheal intubation was performed, and then the mice were mechanically
ventilated with a small animal ventilator at a tidal volume of 10 mL/kg, and a frequency
of 120 breaths/min. Then, mice inhaled 10 µL of methacholine (0.00, 6.25, 12.5, 25, and
50 mg/mL), and airway resistance values (Rn, cm H2O, s/mL) were obtained by mea-
suring airway flow and pressure. Methacholine was inhaled by atomizing methacholine
after endotracheal intubation. Each concentration was separated by two minutes and the
resistance value collected within four minutes of initial ventilation without methacholine
challenge was used as the baseline value.

2.12. Hematoxylin-Eosin Staining

Left lung tissue taken from each animal was fixed in a 10% formaldehyde solution for
24 h, then embedded in paraffin and cut into 5 µm sections. Hematoxylin-eosin staining
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was performed according to routine experimental procedures. Then, histomorphological
changes were observed under an optical microscope.

2.13. Immunofluorescence

Lung tissue sections were fixed with 95% ethanol and 0.1% Triton-X100. Samples
were then blocked with normal goat serum for 20 min and incubated overnight with RSV
major surface glycoprotein G monoclonal antibody (Bioss, bs-1264R, Beijing, China) rabbit
primary antibody at 4 ◦C. Then, the samples were incubated with a CY3-conjugated goat
anti-rabbit secondary antibody (Boster, BA1032, Wuhan, China) at room temperature for
1 h. After being counterstained with DAPI for 10 min, samples were observed under a light
microscope at high magnification (200×) (Leica, Wetzlar, German).

2.14. ELISA

CXCL10 levels in culture supernatants of BEAS-2B cells were measured using ELISA
kits (Jianglaibio, Shanghai, China) according to the manufacturer’s protocol.

2.15. PMA Induced THP-1 Monocytes to Differentiate into Macrophages

Phorbol 12-myristate 13-acetate (PMA), a protein kinase C inducer, induced cell
differentiation into macrophages.THP-1 cells were cultured in 1640 medium containing
10% FBS, 1% penicillin-streptomycin, and 0.05 mM β-mercaptoethanol (Sigma, St. Louis,
MO, USA), and then passed on to the third generation. After 1 mg PMA (Sigma, St. Louis,
USA) was dissolved in DMSO, it was divided and diluted to a final concentration of 100 nM.
THP-1 cells were cultured for 48 h. Morphological changes in cells were observed under
a microscope.

2.16. Chemotaxis Assay

BEAS-2B cells with or without RSV and/or miR-34b/c-5p were placed in the upper
chamber of the Transwell chamber for 48 h at 37 ◦C in an atmosphere containing 5% CO2.
Then, the culture medium was discarded, and a new medium was added. THP-1-derived
macrophages (2 × 104 cells) were then placed in a culture medium (600 µL) containing
10% FBS in the lower chamber. The cells were then incubated for 24 h at 37 ◦C in an
atmosphere containing 5% CO2. The cells on the lower surface were then stained with
4% crystal violet. Afterwards, they were incubated at room temperature for 15 min and
then washed three times with PBS. Chemotactic cells were observed and counted under an
inverted microscope (Leica, Wetzlar, Germany). Each group was randomly photographed
in 5 fields, and cell counts were performed on each field, then averaged.

2.17. Statistical Analysis

GraphPad Prism version 7.0 was used for statistical analysis, and the data were
expressed as mean ± standard deviation. T-test was used for comparison between two
groups. One-way ANOVA was used for comparison among multiple groups, and LSD was
used for post hoc test. p < 0.05 was considered significant.

3. Results
3.1. miR-34b/c-5p Expression Was Downregulated in Patients with RSV Infection Asthma,
and COPD

To understand which miRNAs are disregulated in RSV infection, moderate COPD,
and asthma, a differential analysis of microarray data using three different datasets was
performed. The raw data of each dataset were normalized following data pretreatment.
A total of 40 DEmiRs (26 up-regulated and 14 down-regulated) were identified in GSE62306,
while four DEmiRs were identified in GSE33336, of which two were up-regulated and
two were down-regulated. A total of 178 DEmiRs were identified in GSE142237, of which
82 were up-regulated and 96 down-regulated. Volcano plots (Figure 1A–C) show the
DEmiRs. A total of two down-regulated miRNAs, including miR-34b/c-5p (0 up-regulated
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miRNAs), were finally screened in the 3 miRNA microarray datasets following Venn
analysis (Figure 1D). Figure 1E–G demonstrated miR-34b/c-5p expression in patients with
RSV infection asthma, and COPD, respectively.
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Figure 1. Aberrantly expressed miRNA molecules in RSV infection, asthma or COPD were as-
sessed by volcanic plot. (A–C), volcano map for DEmiRs in GSE62306, GSE33336, and GSE142237.
Blue spots represented underexpressed miRNA molecules, while red spots represented overexpressed
miRNA molecules. Black spots represent non-differentially expressed molecules. A total of 26 up-
regulated and 14 down-regulated DEmiRs were identified in GSE62306, while 2 up-regulated and
2 down-regulated DEmiRs were in GSE33336. A total of 82 up-regulated and 96 down-regulated
DEmiRs were identified in GSE142237. (D), Venn plots revealed the same miRNAs with significant
changes were found in patients with RSV infection, asthma, and moderate COPD.miR-34b/c-5p were
downregulated and no upregulated miRNA were found. (E–G), miR-34b/c-5p expression levels in
GSE62306, GSE33336 and GSE142237. The values were expressed as log2 fold change. miR-34b/c-
5p expression was downregulated in RSV infection, asthma, or COPD (* p < 0.05, ** p < 0.01 and
*** p < 0.001).
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3.2. CXCL10 Is the Most Important Downstream Gene of miR-34b/c-5p

To find the target genes of miR-34b/c-5p, integrated analysis was then performed
with mRNA datasets obtained from RSV-infected patients. For microarray data GSE117827,
DEGs were reflected in the volcano plot (Figure 2A). A total of 3379 DEGs (497 up-regulated
and 2882 down-regulated) were identified in RSV-infected patients. Principal component
analysis (PCA) showed that the DEGs were effective in distinguishing two groups. To
further explore DEGs related to the mechanism of RSV-induced airway inflammation and
AHR, we obtained 1231 potential target genes for hsa-miR-34b/c-5p through the miRDB
online tool. The predicted target genes were then compared with the DEGs in microarray
data GSE117827 and 23 up-regulated intersect genes were screened (Figure 2B).

Further analysis was carried out to obtain the hub genes through the analysis of biolog-
ical pathways and enrichment pathways of DEGs targeted by DEmiRs and the construction
of a protein-protein interaction (PPI) network. GO enrichment analysis showed that the
DEGs targeted by hsa-miR-34b/c-5p were mainly enriched in biological processes, includ-
ing cytokine-mediated signaling pathways, and cellular response to bacterial molecules.
Moreover, they enriched in molecular functions consisting of histone threonine kinase ac-
tivity. In addition, the DEGs targeted by miR-34b/c-5p were mostly located in the recycling
endosome and trans-Golgi network transport vesicle (Figure 2C). The KEGG enrichment
analysis revealed that the DEGs targeted by hsa-miR-34b/c-5p were predominantly en-
riched in inflammatory pathways, such as NF-kappa B signaling and chemokine signaling
(Figure 2D).

The PPI network was constructed from an online STRING tool (minimum required
interaction score: 0.9) and the result was visualized with Cytoscape software [23]. The 23
intersecting genes were uploaded and analyzed by STRING and Cytoscape software. Then,
10 hub genes, including LCP1, CCR1, CXCL10, CD14, ZEB1, PRKCB, PZRY14, IRAK2,
RHOH, and LILRA1, were selected from cytoHubba analysis (Figure 2E). The color depth
of the figure represents the weight of these genes in this network, of which CXCL10 has the
highest weight and ZEB1 has the lowest weight.

3.3. miR-34b/b-5 P Downregulation Was Accompanied by CXCL10 Activation in Mouse
RSV-Infected Models

Next, expression of miR-34b/c and hub genes in the lung tissue were validated in
the mouse model of AHR induced by RSV infection. RSV (type A2) was propagated in
Hela cells and the viral titer was determined using plaque assay. Then, the mouse model of
AHR induced by RSV infection was constructed and RSV infection in the lungs of mice was
verified using IFA and real-time PCR (Figure 3A,B). Results showed significant red fluores-
cence (RSV major surface glycoprotein G) in the RSV group compared to the control group
(Figure 3A). The expression of viral F protein was also significantly increased (Figure 3B).
To confirm the promotion effect of RSV infection on airway inflammation, the pathological
examination was analyzed by H&E staining. Compared to control mice, peribronchial and
perivascular infiltrating inflammatory cells were increased in RSV-infected mice (Figure 3C).
Rn values after aerosolizing different concentrations of methacholine were significantly
increased in the RSV-infected group compared to those in the control group (Figure 3D).
During acute RSV infection period (7 d), AHR and airway inflammation in RSV-infected
mice were the most severe. Over time, these symptoms were gradually alleviated during
the chronic phase of infection (28 d).



Biology 2023, 12, 317 8 of 16Biology 2023, 12, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 2. DEGs in RSV−infected patients and screening for differentially expressed target genes. 
(A), volcano map for 3379 different mRNA expressions. Dots in red and blue indicate high and low 
Figure 2. DEGs in RSV−infected patients and screening for differentially expressed target genes.
(A), volcano map for 3379 different mRNA expressions. Dots in red and blue indicate high and low



Biology 2023, 12, 317 9 of 16

mRNA expression in patients with RSV infection. (B), Venn plot showed the distribution of predicted
target genes and upregulated in DEGs. (C), Results of GO analysis revealed the relationship between
DEGs targeted by DEmiRs and functional pathways. The length of the bar represented −log10 for the
P value. (D), KEGG pathway of DEGs targeted by DEmiRs. The length of the bar represented −log10
for the p value. (E), STRING PPI network data were further analyzed by Cytoscape, and hub gene
identification was performed by cytoHubba. The color depth of the figure represents the weight of
these genes in this network, of which CXCL10 has the highest weight and ZEB1 has the lowest weight.
GO, Gene Ontology; BP, Biological Processes; CC, Cellular Components; MF, Molecular Functions;
KEGG, Kyoto Encyclopedia of Genes and Genomes. PPI, Protein-Protein Interaction.
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Figure 3. Expression of miR−34b/c and hub genes in the lung tissue of RSV−induced AHR.
(A), RSV infection in the lungs was verified using IFA (magnification 200×). Significant red fluores-
cence was observed in the RSV group. (B), RSV infection in lung tissues was assayed using qRT-PCR.
The viral protein F was significantly increased. (C), Pathological examination was analyzed by H&E
staining (magnification 200×). Compared to control mice, peribronchial and perivascular infiltrating
inflammatory cells were increased in RSV-infected mice. (D), AHR to methacholine was evaluated by
a Buxco pulmonary function testing system. Rn values after aerosolizing different concentrations
of methacholine were significantly increased in the RSV-infected group. (E–G), detection of mRNA
levels of miR-34b/c-5p and hub genes in lung tissues using qRT-PCR (n = 6) miR-34b/c-5p were
downregulated in lung tissue of RSV-infected mice (7 and 28 d) compared to control mice (Figure 3E).
The levels of Cxcl10, Cd14, and Rhoh in lung tissue were significantly increased on day 7 and 28 of
RSV. (* p < 0.05, ** p < 0.01 and *** p < 0.001 vs. Control).
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Then, mouse miR-34b/c-5p (mmu-miR-34b/c-5p) and hub genes were detected by
qRT-PCR. The results showed that mmu-miR-34b/c-5p were downregulated in the lung
tissues of RSV-infected mice (7 and 28 d) compared to control mice (Figure 3E). Furthermore,
we found that the levels of Cxcl10, Cd14, and Rhoh in lung tissues were significantly
increased on day 7 of RSV infection, as compared to those in the control group (LILRA1 is
not expressed in mice) (Figure 3F). On day 28, only levels of Cxcl10, Cd14, and Rhoh were
detected as higher than in control mice (Figure 3G).

3.4. CXCL10 Was Consistently Overexpressed in Lung Tissue, While CD14 Was Consistently
Over-Expressed in Blood Samples from RSV Infection, Asthma, and COPD

To further confirm cellular localization of hub genes in lung tissue, we then obtained
publicly available GEO data and performed a synergistic analysis of expression of 10 hub
genes in the lung tissues from three diseases (Figure 4A–C). Differential analysis showed
that all 10 genes were upregulated after RSV infection. CXCL10 was upregulated in asthma
and LCP1, CCR1, PRKCB, IRAK2, LILRA1, and ZEB1 were significantly upregulated in
COPD patients (Figure 4D). These results showed that CXCL10 was consistently overex-
pressed in lung tissues of RSV infection, asthma, and COPD.
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We also performed a synergistic analysis of Hub genes in blood samples from three
diseases and showed that 10 hub genes were also consistently upregulated in blood samples
(Supplemental Figure S1A–C), particularly CD14 expression (Supplemental Figure S1D).
We then validated the expression of 10 hub genes in blood samples from the RSV-infected
mice model, where Cxcl10, Cd14, P2ry14, and Irak2 were significantly upregulated after
seven days, but no gene was upregulated at 28 days (Supplemental Figure S1E).

We also studied the expression distribution of CXCL10, RHOH, and CD14 in different
cell lines using the online expression Atlas database and found that CXCL10 is highly
expressed in pulmonary endothelial cells, epithelial cells, and stem cells. Moreover, RHOH
is mainly expressed in CD4+ T cells and CD8+ T cells, while CD14 is mainly expressed
in monocytes and macrophages and various types of inflammatory cells (Supplemental
Figure S2).

3.5. miR-34b/c-5p Inhibits CXCL10 Expression through Direct Interaction with CXCL10 mRNA

Considering the role of epithelial cells in AHD, we further applied epithelial cells
to verify miR-34b/c-5p target genes. We infected BEAS-2B cells with RSV for 48 h and
confirmed infection using IFA and qRT-PCR. Compared to uninfected cells, red fluorescence
was seen in BEAS-2B cells (Figure 5A,B). Then, we tested the mRNA levels of hsa-miR-
34b/c-5p and hub genes (CXCL10, CD14, and RHOH) using qRT-PCR. In RSV-infected
BEAS-2B cells, hsa-miR-34b/c-5p expression levels were downregulated (Figure 5C), and
CXCL10 and CD14 levels were upregulated (Figure 5D), which were consistent with the
trend of animal experiments. However, RHOH showed no significant difference between
the two groups (Figure 5D). To further estimate the function of hsa-miR-34b/c-5p in the
expression of CXCL10 and CD14 after RSV infection, hsa-miR-34b/c-5p mimics were
transfected into BEAS-2B cells prior to RSV infection and transfection efficiencies were
shown in Figure 5E. As shown in Figure 5F, the mRNA levels of CXCL10 decreased
when transfected with hsa-miR-34b/c-5p mimics prior to RSV infection, while CD14
levels showed no difference. Furthermore, protein expression levels of CXCL10 were
also significantly reduced compared to the RSV+ miR-NC group (Figure 5G). We then
predicted that CXCL10 could bind to hsa-miR-34b/c-5p using bioinformatics analysis
and found that CXCL10 was a potential target gene for hsa-miR-34c-5p, but not hsa-miR-
34b-5p (Figure 5H). Luciferase assays were performed to detect the relationship between
CXCL10 and hsa-miR-34c-5p. As illustrated in Figure 5G, overexpression of hsa-miR-34c-5p
significantly inhibited the luciferase activity of the CXCL10-WT reporter vector but not the
CXCL10-MUT reporter vector. Taken together, our findings suggest that hsa-miR-34c-5p
may inhibit CXCL10 expression by directly targeting it. The sequences of miR-34b and
miR-34c had only a few base differences, and the predicted binding sites of miR-34b and
CXCL10 mRNA are completely consistent with those of miR-34c and CXCL10 mRNA, so it
is possible that miR-34b also decreases CXCL10 mRNA through direct interaction.

3.6. miR-34b/c-5p Inhibited Macrophages Chemotaxis to RSV-Infected BEAS-2B Cells

Next, we investigated whether downregulation of miR-34b/c-5p in BEAS-2B cells
induced by RSV infection affected macrophages chemotaxis in the co-culture system. After
treating THP-1 cells with PMA for 48 h, cell morphology changed significantly. The cells
were changed from the original suspension to adhesion, and the morphology was from
round to protruding (Figure 6A). A co-culture system of BEAS-2B cells and THP-1-derived
macrophages was established using the Transwell method, and then the chemotaxis of
macrophages to BEAS-2B cells was detected. Compared with the control group, the
chemotaxis of macrophages in the RSV infection group was significantly enhanced, while
the chemotaxis of macrophages in the RSV+hsa-miR-34b-5p-mimics group and RSV+hsa-
miR-34c-5p-mimics group were significantly lower than those in the RSV+miR-NC group
(Figure 6B). In addition, RSV infection promoted CXCL 10 secretion in the co-culture system,
which was downregulated in miR-34b/c-5p treated BEAS-2B cells (Figure 6C). The results
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showed that RSV-infected BEAS-2B cells could promote the chemotaxis of THP-1-derived
macrophages to BEAS-2B cells, and this process was regulated by hsa-miR-34b/c-5p.
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Figure 5. Downregulated miR−34b/c−5p induced CXCL10 expression in RSV−infected
BEAS−2B cells (n = 5). (A), RSV infection in BEAS-2B cells was verified by indirect IFA with
RSV G protein monoclonal antibody (magnification 200×). Red fluorescence was seen in BEAS-2B
cells. (B), RSV infection in BEAS-2B cells was verified by qRT-PCR. (C,D), the expression levels of
miR-34b/c-5p and hub genes (CXCL10, CD14, and RHOH) in BEAS-2B cells (infected with RSV for
48 h) were assayed using qRT-PCR. In RSV-infected BEAS-2B cells, hsa-miR-34b/c-5p expression lev-
els were downregulated, and CXCL10 and CD14 levels were upregulated. (E), BEAS-2B cells treated
with miR-34b/c-5p mimics (mimics-miR-34b/c) or negative control mimics (miR-NC), and qRT-PCR
were used to detect transfection efficiencies. (F), miR-34b/c-5p mimics or negative control mimics
were transfected into BEAS-2B cells prior to 48 h of RSV infection, using qRT-PCR to detect the mRNA
levels of CXCL10 and CD14. The mRNA levels of CXCL10 were decreased when transfection with
hsa-miR-34b/c-5p mimics before RSV infection, while CD14 levels showed no difference. (G), ELISA
was used to detect CXCL10 protein level. CXCL10 protein expression levels were also significantly
reduced compared to the RSV+ miR-NC group. (H), miR-34c binding sites within CXCL10 predicted
by bioinformatics tools. Luciferase reporter assay was performed to validate the relationship between
CXCL10 and miR-34c-5p. Over-expression of hsa-miR-34c-5p significantly inhibited the luciferase
activity of the CXCL10-WT reporter vector but not the CXCL10-MUT reporter vector. (* p < 0.05,
** p < 0.01, and *** p < 0.001).
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Figure 6. miR−34b/c−5p inhibited the chemotaxis of co-cultured THP−1−derived macrophages
with RSV−infected BEAS−2B cells (n = 5). (A). Changes in cellular morphology of PMA-induced
THP-1 monocytes (100×) (Left: THP-1 cells; Right: PMA-induced THP-1 derived macrophages). After
treating THP-1 cells with PMA for 48 h, the cells changed from the original suspension to adhesion,
and the morphology was from round to protruding. (B). RSV infection promoted macrophages
chemotaxis in the co-culture system, which was aboragated by miR-34b/c-5p. The quantification
diagram is shown on the right (** p < 0.01 vs. Control; ## p < 0.01 and ### p < 0.001 vs. RSV+miR-NC).
(C). RSV infection promoted CXCL 10 secretion in the co-culture system, which was aboragated by
miR-34b/c-5p. (*** p < 0.001 vs. Control; ## p < 0.01 and ### p < 0.001 vs. RSV+ miR-NC).

4. Discussion

RSV can cause severe lower respiratory tract infections, especially in infants, immuno-
compromised individuals, and the elderly. Persistent RSV infection can lead to subsequent
asthma. In addition, 64% of COPD exacerbations are caused by respiratory infections, such
as RV, influenza, and RSV, affecting the bronchial epithelium. Therefore, the inflammation
may be the common basis for RSV infection, asthma, and COPD.
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In this study, a joint analysis of miRNA-mRNA expression profiles of three disease
models was performed to understand the mechanism of RSV infection affecting the oc-
currence and development of AHR at the systemic level. miR-34b/c-5p expression was
downregulated in patients with RSV infection asthma, and COPD with striking consistency.
We then constructed a mouse model of RSV-induced AHR and found that miR-34b/c-5p
expression in the lungs of RSV-infected mice was downregulated, but the selected hub
genes, Cxcl10, Cd14, and Rhoh, were highly expressed during RSV infection.

The miR-34 family is a group of highly conserved miRNAs, including miR-34a, miR-
34b, and miR-34c. The expression of miR-34a is highest in the brain, while in the lung,
miR-34b and miR-34c are mainly expressed [24]. The miR-34 family is very important in
regulating virus–host interaction by participating in immune response and virus replication.
They can be used as biomarkers for viral infection [25]. Some studies have shown that miR-
34 is closely related to the occurrence and development of lung diseases such as lung cancer
and asthma [26–28]. Solberg et al. found that miR-34s (miR-34c, miR-34b) expression in
bronchial epithelial cells in asthma patients was significantly down-regulated [29]. Yin et al.
reported that miR-34/449 may promote airway inflammation and fibrosis by modulating
IGFBP-3-mediated autophagy activation [26]. Hai-Xiang et al. reported that miR34c-5p
targeting CCL22 plays a protective role in chronic obstructive pulmonary disease [30]. In
addition, miR-34b/c-5p can downregulate mucus secretion by regulating MUC5AC and
FGFR1 [31,32]. This shows that miR-34b-5p and miR-34c-5p may serve as therapeutic
drug targets for reducing inflammation caused by immune cell infiltration into the lung
in AHD. Through miRNA screening of RSV infection, asthma, and COPD, we found that
miR-34b/c-5p was significantly down-regulated in these three disease models, which to
some extent showed that there was a certain commonality among the three disease models.
Therefore, focusing on miR-34b/c-5p will help us understand the inflammation mechanism
involved in RSV infection, asthma, or COPD. However, the role of miR-34b/c in RSV
infection has not yet been clarified.

Among the target genes of miR-34b/c, Cd14, Cxcl10, and Ras homologous gene
family H (Rhoh) were continuously increased in terms of expression at day 7 and 28 in
this study. We found in the dataset that CXCL10 was highly expressed in pulmonary
epithelial cells and endothelial cells. Viral infection may lead to the release of CXCL10
in the bronchial epithelium, which activates mast cells and allows them to migrate to
airway smooth muscles to exacerbate airway inflammation and bronchoconstriction in
asthma [33]. Moreover, lung epithelial cells are also the main site of RSV infection, so we
chose lung epithelial cells to continue our experiments. We also found in the dataset that
CD14 was highly expressed in blood cells. CD14 is a positive biomarker of macrophages,
and chemokines are the main mediator of macrophage homing. Xuan et al. have found that
CXCL10 can induce the chemotaxis of M1 macrophages [34]. Beena Puthothu’s research
has shown that the toll like receptor 4 (TLR4)/CD14 complex is particularly important for
initiating an innate immune response to RSV [35]. Studies have shown that the number of
macrophages in the lungs of COPD patients increased, and lung macrophages play a key
role in initiating and continuing the chronic inflammatory response. We hypothesized that
CXCL10 secretion was a chemotactic factor for macrophages. Using Transwell’s method,
we confirmed that RSV induced macrophages chemotaxis by inhibiting hsa-miR-34b/c-5p
expression in BEAS-2B cells.

However, the study still has many questions to answer. First, we screened 23 miR-
34b/c-5p target genes in human studies. Only a few genes have been tested at the animal
level, probably because of the difference between laboratory animals and humans. Secondly,
because miR-34b/c-5p target genes are distributed in different tissues, e.g., CD14 is mainly
distributed in macrophages and RHOH is mainly distributed in T cells, whether they are
miR-34b/c-5p target molecules remains to be further investigated. Third, the RSV infection,
COPD, and asthma datasets seem quite small. Whether RSV infection, COPD, and asthma
function via the miR-34b/c-5p/CXCL10 axis needs to be further investigated by collecting
more clinical samples. We hope to further investigate the effects of miR-34b/c-5p/CXCL10



Biology 2023, 12, 317 15 of 16

on the occurrence and development of AHR and their predictive and therapeutic values
in AHR.

In conclusion, this study used bioinformatics to jointly analyze the expression profiles
of three disease models including RSV infection, COPD, and asthma, and we also found
the commonality among the three disease models. Five common differential molecules
(hsa-miR-34b/c-5p, CD14, CXCL10, and RHOH) were validated, which provided effective
targets for clinical diagnosis and treatment of AHR. In vitro experiments confirmed that
decreased expression of hsa-miR-34b/c-5p induced CXCL10 secretion and promoted THP-1
derived macrophage chemotaxis. In addition, miR-34c-5p can bind directly to CXCL10.
Based on the above results, we elucidate a possible new mechanism of RSV inducing
and exacerbating AHD through the hsa-miR-34b/c-5p/CXCL10 axis. Similarly, this study
provides new insights into the molecular mechanism of hsa-miR-34b/c-5p/CXCL10 in
airway inflammation and AHR.
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of common DEGs.

Author Contributions: D.L., Z.T., O.B. and P.D. conducted the study. G.W. carried out the statistical
analysis. L.Q. and Y.T. participated in the design of the study. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by Grant Hunan Clinical Medical Technology Innovation Guide
Project (No.2020SK5370), and Natural Science Foundation of Hunan Province (No.2019JJ40365 and
No.2021JJ31090).

Institutional Review Board Statement: The animal experiments were approved by the Institutional
Ethics Committee of Xiangya School of Medicine, Central South University (No: 2019-S112).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sets used and/or analyzed during the current study are available
from the corresponding author upon reasonable request.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ortega, H.; Nickle, D.; Carter, L. Rhinovirus and asthma: Challenges and opportunities. Rev. Med. Virol. 2021, 31, e2193.

[CrossRef] [PubMed]
2. Priante, E.; Cavicchiolo, M.E.; Baraldi, E. RSV infection and respiratory sequelae. Minerva. Pediatr. 2018, 70, 623–633. [CrossRef]

[PubMed]
3. Leung, J.M.; Niikura, M.; Yang, C.W.T.; Sin, D.D. COVID-19 and COPD. Eur. Respir. J. 2020, 56, 2002108. [CrossRef] [PubMed]
4. Sigurs, N.; Gustafsson, P.M.; Bjarnason, R.; Lundberg, F.; Schmidt, S.; Sigurbergsson, F.; Kjellman, B. Severe respiratory syncytial

virus bronchiolitis in infancy and asthma and allergy at age 13. Am. J. Respir Crit. Care Med. 2005, 171, 137–141. [CrossRef]
[PubMed]

5. Bajinka, O.; Simbilyabo, L.; Tan, Y.; Jabang, J.; Saleem, S.A. Lung-brain axis. Crit. Rev. Microbiol. 2022, 48, 257–269. [CrossRef]
6. Liu, D.; Tang, Z.; Qiu, K.; Bajinka, O.; Wang, L.; Qin, L.; Tan, Y. RSV Promotes Epithelial Neuroendocrine Phenotype Differentiation

through NODAL Signaling Pathway. Biomed. Res. Int. 2021, 2021, 9956078. [CrossRef]
7. Qin, L.; Qiu, K.; Hu, C.; Wang, L.; Wu, G.; Tan, Y. Respiratory syncytial virus promoted the differentiation of Th17 cells in airway

microenvironment through activation of Notch-1/Delta3. J. Med. Microbiol. 2019, 68, 649–656. [CrossRef]
8. Manti, S.; Piedimonte, G. An overview on the RSV-mediated mechanisms in the onset of non-allergic asthma. Front. Pediatr. 2022,

10, 998296. [CrossRef]
9. Shi, T.; Li, N.; He, Y.; Feng, J.; Mei, Z.; Du, Y.; Jie, Z. Th17/Treg cell imbalance plays an important role in respiratory syncytial

virus infection compromising asthma tolerance in mice. Microb. Pathog. 2021, 156, 104867. [CrossRef]
10. Glaser, L.; Coulter, P.J.; Shields, M.; Touzelet, O.; Power, U.F.; Broadbent, L. Airway Epithelial Derived Cytokines and Chemokines

and Their Role in the Immune Response to Respiratory Syncytial Virus Infection. Pathogens 2019, 8, 106. [CrossRef]

https://www.mdpi.com/article/10.3390/biology12020317/s1
https://www.mdpi.com/article/10.3390/biology12020317/s1
http://doi.org/10.1002/rmv.2193
http://www.ncbi.nlm.nih.gov/pubmed/33217098
http://doi.org/10.23736/S0026-4946.18.05327-6
http://www.ncbi.nlm.nih.gov/pubmed/30379052
http://doi.org/10.1183/13993003.02108-2020
http://www.ncbi.nlm.nih.gov/pubmed/32817205
http://doi.org/10.1164/rccm.200406-730OC
http://www.ncbi.nlm.nih.gov/pubmed/15516534
http://doi.org/10.1080/1040841X.2021.1960483
http://doi.org/10.1155/2021/9956078
http://doi.org/10.1099/jmm.0.000959
http://doi.org/10.3389/fped.2022.998296
http://doi.org/10.1016/j.micpath.2021.104867
http://doi.org/10.3390/pathogens8030106


Biology 2023, 12, 317 16 of 16

11. Nuriev, R.; Johansson, C. Chemokine regulation of inflammation during respiratory syncytial virus infection. F1000Research
2019, 8. [CrossRef] [PubMed]

12. Barnes, P.J. Targeting cytokines to treat asthma and chronic obstructive pulmonary disease. Nat. Rev. Immunol. 2018, 18, 454–466.
[CrossRef] [PubMed]

13. Taka, S.; Tzani-Tzanopoulou, P.; Wanstall, H.; Papadopoulos, N.G. MicroRNAs in Asthma and Respiratory Infections: Identifying
Common Pathways. Allergy Asthma Immunol. Res. 2020, 12, 4–23. [CrossRef] [PubMed]

14. Feng, S.; Zeng, D.; Zheng, J.; Zhao, D. MicroRNAs: Mediators and Therapeutic Targets to Airway Hyper Reactivity After
Respiratory Syncytial Virus Infection. Front. Microbiol. 2018, 9, 2177. [CrossRef] [PubMed]

15. Barrett, T.; Wilhite, S.E.; Ledoux, P.; Evangelista, C.; Kim, I.F.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman, P.M.;
Holko, M.; et al. NCBI GEO: Archive for functional genomics data sets–update. Nucleic. Acids Res. 2013, 41, D991–D995.
[CrossRef] [PubMed]

16. Savarimuthu Francis, S.M.; Davidson, M.R.; Tan, M.E.; Wright, C.M.; Clarke, B.E.; Duhig, E.E.; Bowman, R.V.; Hayward, N.K.;
Fong, K.M.; Yang, I.A. MicroRNA-34c is associated with emphysema severity and modulates SERPINE1 expression. BMC
Genomics 2014, 15, 88. [CrossRef] [PubMed]

17. Zhang, K.; Feng, Y.; Liang, Y.; Wu, W.; Chang, C.; Chen, D.; Chen, S.; Gao, J.; Chen, G.; Yi, L.; et al. Epithelial miR-206 targets
CD39/extracellular ATP to upregulate airway IL-25 and TSLP in type 2-high asthma. JCI Insight 2021, 6, e148103.

18. Yu, J.; Peterson, D.R.; Baran, A.M.; Bhattacharya, S.; Wylie, T.N.; Falsey, A.R.; Mariani, T.J.; Storch, G.A. Host Gene Expression in
Nose and Blood for the Diagnosis of Viral Respiratory Infection. J. Infect. Dis. 2019, 219, 1151–1161. [CrossRef]

19. Inchley, C.S.; Sonerud, T.; Fjærli, H.O.; Nakstad, B. Nasal mucosal microRNA expression in children with respiratory syncytial
virus infection. BMC Infect. Dis. 2015, 15, 150. [CrossRef]

20. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic. Acids Res. 2015, 43, e47. [CrossRef]

21. Chin, C.H.; Chen, S.H.; Wu, H.H.; Ho, C.W.; Ko, M.T.; Lin, C.Y. cytoHubba: Identifying hub objects and sub-networks from
complex interactome. BMC Syst. Biol. 2014, 8 (Suppl. S4), S11. [CrossRef] [PubMed]

22. Dai, P.; Tang, Z.; Qi, M.; Liu, D.; Bajinka, O.; Tan, Y. Dispersion and utilization of lipid droplets mediates respiratory syncytial
virus-induced airway hy-perresponsiveness. Pediatr. Allergy Immunol. 2022, 33, e13651. [CrossRef] [PubMed]

23. Li, X.; Gao, Y.; Xu, Z.; Zhang, Z.; Zheng, Y.; Qi, F. Identification of prognostic genes in adrenocortical carcinoma microenvironment
based on bioinformatic methods. Cancer Med. 2020, 9, 1161–1172. [CrossRef] [PubMed]

24. Hermeking, H. The miR-34 family in cancer and apoptosis. Cell Death Differ. 2010, 17, 193–199. [CrossRef] [PubMed]
25. Lv, J.; Zhang, Z.; Pan, L.; Zhang, Y. MicroRNA-34/449 family and viral infections. Virus Res. 2019, 260, 1–6. [CrossRef]
26. Yin, H.; Zhang, S.; Sun, Y.; Li, S.; Ning, Y.; Dong, Y.; Shang, Y.; Bai, C. MicroRNA-34/449 targets IGFBP-3 and attenuates airway

remodeling by suppressing Nur77-mediated autophagy. Cell Death Dis. 2017, 8, e2998. [CrossRef]
27. Daugaard, I.; Knudsen, A.; Kjeldsen, T.E.; Hager, H.; Hansen, L.L. The association between miR-34 dysregulation and distant

metastases formation in lung adenocarcinoma. Exp. Mol. Pathol. 2017, 102, 484–491. [CrossRef]
28. Kim, Y.H.; Lee, W.K.; Lee, E.B.; Son, J.W.; Kim, D.S.; Park, J.Y. Combined Effect of Metastasis-Related MicroRNA, miR-34 and

miR-124 Family, Methylation on Prognosis of Non-Small-Cell Lung Cancer. Clin. Lung Cancer 2017, 18, e13–e20. [CrossRef]
29. Solberg, O.D.; Ostrin, E.J.; Love, M.I.; Peng, J.C.; Bhakta, N.R.; Hou, L.; Nguyen, C.; Solon, M.; Nguyen, C.; Barczak, A.J.; et al.

Airway epithelial miRNA expression is altered in asthma. Am. J. Respir. Crit. Care Med. 2012, 186, 965–974. [CrossRef]
30. Gao, H.X.; Su, Y.; Zhang, A.L.; Xu, J.W.; Fu, Q.; Yan, L. MiR-34c-5p plays a protective role in chronic obstructive pulmonary

disease via targeting CCL22. Exp. Lung Res. 2019, 45, 1–12. [CrossRef]
31. Li, W.; Du, X.; Yang, Y.; Yuan, L.; Yang, M.; Qin, L.; Wang, L.; Zhou, K.; Xiang, Y.; Qu, X.; et al. miRNA-34b/c regulates mucus

secretion in RSV-infected airway epithelial cells by targeting FGFR1. J. Cell Mol. Med. 2021, 25, 10565–10574. [CrossRef] [PubMed]
32. Du, X.; Yang, Y.; Xiao, G.; Yang, M.; Yuan, L.; Qin, L.; He, R.; Wang, L.; Wu, M.; Wu, S.; et al. Respiratory syncytial virus

infection-induced mucus secretion by down-regulation of miR-34b/c-5p expression in airway epithelial cells. J. Cell Mol. Med.
2020, 24, 12694–12705. [CrossRef] [PubMed]

33. Brightling, C.E.; Ammit, A.J.; Kaur, D.; Black, J.L.; Wardlaw, A.J.; Hughes, J.M.; Bradding, P. The CXCL10/CXCR3 axis mediates
human lung mast cell migration to asthmatic airway smooth muscle. Am. J. Respir. Crit. Care Med. 2005, 171, 1103–1108.
[CrossRef] [PubMed]

34. Xuan, W.; Qu, Q.; Zheng, B.; Xiong, S.; Fan, G.H. The chemotaxis of M1 and M2 macrophages is regulated by different chemokines.
J. Leukoc. Biol. 2015, 97, 61–69. [CrossRef]

35. Puthothu, B.; Forster, J.; Heinzmann, A.; Krueger, M. TLR-4 and CD14 polymorphisms in respiratory syncytial virus associated
disease. Dis. Markers 2006, 22, 303–308. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.12688/f1000research.20061.1
http://www.ncbi.nlm.nih.gov/pubmed/31723414
http://doi.org/10.1038/s41577-018-0006-6
http://www.ncbi.nlm.nih.gov/pubmed/29626211
http://doi.org/10.4168/aair.2020.12.1.4
http://www.ncbi.nlm.nih.gov/pubmed/31743961
http://doi.org/10.3389/fmicb.2018.02177
http://www.ncbi.nlm.nih.gov/pubmed/30254626
http://doi.org/10.1093/nar/gks1193
http://www.ncbi.nlm.nih.gov/pubmed/23193258
http://doi.org/10.1186/1471-2164-15-88
http://www.ncbi.nlm.nih.gov/pubmed/24479666
http://doi.org/10.1093/infdis/jiy608
http://doi.org/10.1186/s12879-015-0878-z
http://doi.org/10.1093/nar/gkv007
http://doi.org/10.1186/1752-0509-8-S4-S11
http://www.ncbi.nlm.nih.gov/pubmed/25521941
http://doi.org/10.1111/pai.13651
http://www.ncbi.nlm.nih.gov/pubmed/34383332
http://doi.org/10.1002/cam4.2774
http://www.ncbi.nlm.nih.gov/pubmed/31856409
http://doi.org/10.1038/cdd.2009.56
http://www.ncbi.nlm.nih.gov/pubmed/19461653
http://doi.org/10.1016/j.virusres.2018.11.001
http://doi.org/10.1038/cddis.2017.357
http://doi.org/10.1016/j.yexmp.2017.05.012
http://doi.org/10.1016/j.cllc.2016.06.005
http://doi.org/10.1164/rccm.201201-0027OC
http://doi.org/10.1080/01902148.2018.1563925
http://doi.org/10.1111/jcmm.16988
http://www.ncbi.nlm.nih.gov/pubmed/34636482
http://doi.org/10.1111/jcmm.15845
http://www.ncbi.nlm.nih.gov/pubmed/32939938
http://doi.org/10.1164/rccm.200409-1220OC
http://www.ncbi.nlm.nih.gov/pubmed/15879427
http://doi.org/10.1189/jlb.1A0314-170R
http://doi.org/10.1155/2006/865890

	Introduction 
	Materials and Methods 
	Microarray Data 
	Differential miRNAs (DEmiRs) and Genes (DEGs) Screening 
	Prediction of miR-34b/c-5 Target Genes from DEGs 
	Analysis of GO and KEGG Pathway 
	Construction of PPI Network and Identification of Hub Genes 
	Cell Culture and Viral Preparation 
	Transfection of miRNA Mimics and RSV Infection 
	Dual-Luciferase Reporter Assay 
	Animal Models of RSV-Induced AHR 
	Real-Time RT-PCR 
	Measurement of Airway Responsiveness to Methacholine 
	Hematoxylin-Eosin Staining 
	Immunofluorescence 
	ELISA 
	PMA Induced THP-1 Monocytes to Differentiate into Macrophages 
	Chemotaxis Assay 
	Statistical Analysis 

	Results 
	miR-34b/c-5p Expression Was Downregulated in Patients with RSV Infection Asthma, and COPD 
	CXCL10 Is the Most Important Downstream Gene of miR-34b/c-5p 
	miR-34b/b-5 P Downregulation Was Accompanied by CXCL10 Activation in Mouse RSV-Infected Models 
	CXCL10 Was Consistently Overexpressed in Lung Tissue, While CD14 Was Consistently Over-Expressed in Blood Samples from RSV Infection, Asthma, and COPD 
	miR-34b/c-5p Inhibits CXCL10 Expression through Direct Interaction with CXCL10 mRNA 
	miR-34b/c-5p Inhibited Macrophages Chemotaxis to RSV-Infected BEAS-2B Cells 

	Discussion 
	References

