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Abstract: Respiratory viruses cause airway inflammation, resulting in epithelial injury and repair.
miRNAs, including miR-149-5p, regulate different pathological conditions. We aimed to determine
how miR-149-5p functions in regulating pro-inflammatory IL-6 and p63, key regulators of airway
epithelial wound repair, in response to viral proteins in bronchial (BEAS-2B) and alveolar (A549)
epithelial cells. BEAS-2B or A549 cells were incubated with poly (I:C, 0.5 µg/mL) for 48 h or SARS-
CoV-2 spike protein-1 or 2 subunit (S1 or S2, 1 µg/mL) for 24 h. miR-149-5p was suppressed in
BEAS-2B challenged with poly (I:C), correlating with IL-6 and p63 upregulation. miR-149-5p was
down-regulated in A549 stimulated with poly (I:C); IL-6 expression increased, but p63 protein
levels were undetectable. miR-149-5p remained unchanged in cells exposed to S1 or S2, while S1
transfection increased IL-6 expression in BEAS-2B cells. Ectopic over-expression of miR-149-5p in
BEAS-2B cells suppressed IL-6 and p63 mRNA levels and inhibited poly (I:C)-induced IL-6 and
p63 mRNA expressions. miR-149-5p directly suppressed IL-6 mRNA in BEAS-2B cells. Hence,
BEAS-2B cells respond differently to poly (I:C), S1 or S2 compared to A549 cells. Thus, miR-149-5p
dysregulation may be involved in poly (I:C)-stimulated but not S1- or S2-stimulated increased IL-6
production and p63 expression in BEAS-2B cells.

Keywords: miR-149-5p; epithelial cells; IL-6; p63; poly (I:C); SARS-CoV-2 spike protein

1. Introduction

Respiratory viruses are the most common cause of respiratory infections in humans,
leading to significant morbidity and mortality worldwide [1,2]. In recent years, respiratory
viruses, including influenza A virus and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), have emerged as serious threats to public health [3,4]. The airway epithelium
is the first line of defence against inhaled respiratory viruses [5,6]. Bronchial epithelial
cells line the large airways and are more exposed to inhaled pathogens than alveolar
epithelial cells; hence, they have evolved to be more responsive to viral infection [7].
Bronchial cells also express a higher density of viral receptors and trigger a stronger
inflammatory response [8–10]. Immortalised cells, including human bronchial (BEAS-2B)
and alveolar (A549) epithelial cell lines, are commonly used to investigate respiratory
viral responses in epithelial cells [11]. Airway epithelial cells express pattern-recognition
receptors, including the Toll-like receptor (TLR) family [12]. TLRs recognise virus-generated
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pathogen-associated recognition molecular patterns (PAMPs) and initiate inflammatory
host responses [12].

Polyinosinic:polycytidylic acid (poly (I:C)) is a synthetic double-stranded RNA (dsRNA)
representative of the viral dsRNA PAMPs generated as the by-product of viral replica-
tion [13,14]. Poly (I:C) is recognised by TLR3 and mediates Toll-interleukin (IL-)1 receptor
domain-containing adapter protein-dependent signalling to activate interferon regula-
tory factor-3 (IRF3) and induces the production of type I interferons (IFNs) [13]. TLR3
further recruits tumour necrosis factor receptor (TNFR)-associated factor-6 (TRAF6) and
receptor-interacting protein to activate nuclear factor kappa B (NF-κB), which regulates
the production of inflammatory cytokines [13]. There are different receptors and pathways
responsible for the pro-inflammatory responses of epithelial cells to SARS-CoV-2 [5,15–18].
The SARS-CoV-2 spike protein S1 subunit possesses PAMP-like properties [17]. During
SARS-CoV-2 entry into airway epithelial cells, the S1 subunit is cleaved and recognised
by TLR2. TLR2 activates NF-κB and generates an inflammatory response in epithelial
cells [15–17].

IL-6 is a major pro-inflammatory cytokine produced by bronchial epithelial cells in
response to poly (I:C) or the S1 subunit [18–20]. IL-6 induces multiple signalling events
that drive pathogenic inflammation and immune responses [21]. Moreover, bronchial
epithelial cells incubated with poly (I:C) exhibit diminished injury repair capacity [22].
∆Np63α, an isoform of tumour protein 63 (p63), is an important transcription factor
expressed in basal airway epithelial cells. ∆Np63α regulates the expression of key genes
involved in wound repair, including β-catenin, epidermal growth factor receptor (EGFR)
and Jagged1 [23]. The effect of respiratory viral infection on p63 in epithelial cells has not
yet been fully established.

microRNAs (miRNAs) are non-coding RNAs composed of ~22 nucleotides that reg-
ulate post-transcriptional gene silencing [24–26]. miRNAs are key mediators of crosstalk
between respiratory viruses and host cells [27–29]. miR-149-5p orchestrates regulatory
roles in several cellular and pathological processes, including the cell cycle, proliferation,
apoptosis and inflammation [30,31]. miR-149-5p targets IL-6 in gastric stroma fibroblasts
and regulates the cross talk between tumour cells and the tumour stroma [32]. Different
miRNA-target prediction databases (STarMir, miRDB and TargetScan) predicted that the
3′UTRs of IL-6 and p63 mRNA contains a potential miR-149-5p response element [33–35].
Hence, we aimed to investigate the function of miR-149-5p in airway epithelial cells after
exposure to respiratory viral PAMPs, including poly (I:C) or SARS-CoV-2 spike protein 1 or
2 subunit (S1 or S2).

Based on background literatures and miRNA platform databases, we hypothesised
that miR-149-5p expression is downregulated in BEAS-2B cells and A549 cells exposed
to poly (I:C), S1 or S2, leading to upregulations of its potential targets, IL-6 and p63. We
showed that miR-149-5p is involved in the regulation of IL-6 and p63 in BEAS-2B cells
exposed to poly (I:C) but not S1 or S2. Although miR-149-5p was downregulated in A549
cells incubated with poly (I:C), IL-6 expression increased at lower levels compared to BEAS-
2B cells, and ∆Np63α was undetectable. Interestingly, in cells exposed to S1 or S2, the
level of miR-149-5p remained unchanged, while IL-6 expressions increased. BEAS-2B cells
respond differently to poly (I:C), S1 or S2 compared with A549 cells. Thus, the effect of miR-
149-5p is cell type and stimulus specific. Poly (I:C)-associated miR-149-5p dysregulation
may potentiate increased IL-6 and p63 expression in bronchial epithelial cells.

2. Materials and Methods
2.1. Cell Culture and Treatments

This study was approved by Teesside University Research Ethics Committee. Human
bronchial simian virus (SV40)-transformed (BEAS-2B) [36] and type II alveolar epithelial
carcinoma (A549) cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) [37]. BEAS-2B cells were maintained in a bronchial epithelium basal
growth medium (BEGM) (Lonza, Basel, Switzerland) containing a bronchial epithelial basal
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medium (BEBM), SingleQuot bullet kit (bovine pituitary extract, hydrocortisone, human
epidermal growth factor, epinephrine, transferrin, insulin, retinoic acid and triiodothyro-
nine), amphotericin (2.5 µg/mL), penicillin (100 U/mL) and streptomycin (100 µg/mL)
(Gibco, Paisley, UK) [36]. A549 cells were maintained in Kaighn’s modification of Ham’s
F-12 (F-12K) medium (ATCC, Manassas, VA, USA) with foetal bovine serum (FBS, 10%)
(Merck, Rahway, NJ, USA), penicillin (100 U/mL) and streptomycin (100 µg/mL) [37].

2.1.1. Poly (I:C) Incubation

BEAS-2B or A549 cells were cultured at 1 × 105 cells per well in 24-well plates in a
BEGM or F-12K medium (FBS, 10%), respectively. Cells at 70% confluency were washed
with Dulbecco’s Phosphate-Buffered Saline (D-PBS) and incubated with a BEBM or F-12K
medium containing insulin-transferrin-sodium selenite and linoleic-bovine serum albumin
(ITS+1, 1%) (Sigma-Aldrich, Gillingham, UK) for 1 h. Thereafter, baseline (0 h) cell culture
supernatant and cell lysate samples were harvested. Other cells were incubated in a BEBM
or F-12K medium containing ITS+1 (1%) with poly (I:C) for 6, 8, 24 or 48 h.

2.1.2. Transfection of Cells with S1 or S2

BEAS-2B or A549 cells were cultured at 1× 105 cells per well in 24-well plates in a
BEGM or F-12K medium (FBS, 10%). Cells at 70% confluency were washed with D-PBS,
and a BEBM or F-12K medium was added to BEAS-2B or A549 cells, respectively, for
1 h. After 1 h of incubation, cell culture supernatants and cell lysates were harvested at
the baseline (0 h). For transfection, cells were incubated in a BEBM or F-12K medium
containing the Pierce Protein Transfection Reagent (10 µL, Thermo Fisher, Loughborough,
UK) without or with S1 or S2 (1 µg, RayBiotech, Peachtree Corners, GA, USA) at 37 ◦C [38].
After 4 h of transfection, the BEGM or F-12K medium containing FBS (20%) was added
to the cells, and cell culture supernatants and lysate samples were collected. Subsequent
samples were collected at 8 and 24 h post-transfection. To determine transfection efficiency,
cells were transfected with PierceTM Recombinant GFP (1 µg) (Thermo Fisher). After 4 h
of transfection, the cells were washed with PBS, and images were obtained using a Leica
DMi8 S Inverted Microscope Solution (Leica Microsystems Ltd., Linford Wood, UK).

2.2. Transfection of miRNA Mimic/Inhibitor

BEAS-2B cells were cultured at 1 × 105 cells per well in a 24-well plate in a BEGM
medium. Cells at 70% confluency were transfected, as described before [28], with miR-
149-5p mimic, miRNA mimic negative control (mirVana, Invitrogen, Loughborough, UK),
miR-149-5p inhibitor or miRNA inhibitor negative control (mirVana) at a total concentration
of 5 nM using the Lipofectamine® RNAiMAX Transfection Reagent (Invitrogen) in an Opti-
MEM medium (Gibco).

2.3. Cell Viability

Epithelial cells were incubated with poly (I:C) (0.01–10 µg/mL for 24 and 48 h) or
transfected with S1 or S2 (1 µg/mL) for 24 h. Cell viability was assessed by measuring
lactate dehydrogenase (LDH) release [28] at each timepoint using a SpectraMax iD5 Multi-
Mode Microplate Reader (Molecular Devices, Wokingham, UK).

2.4. Real-Time Polymerase Chain Reaction

miRNA and mRNA were extracted using miRNeasy Mini Kits (Qiagen, Manchester,
UK). miRNA (100 ng) or mRNA (200 ng) were reverse transcribed to cDNA using Taqman
MicroRNA Reverse Transcription reagent or High-Capacity cDNA Reverse Transcription
Kits (Applied Biosystems, Warrington, UK), respectively. Predeveloped primer/probe sets,
including TaqMan miRNA assays and TaqMan gene expression assays, were purchased
from Applied Biosystems. Quantitative real-time (RT-q)PCR was performed according to
the manufacturer’s instructions using a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, Watford, UK) and analysed using the CFX MaestroTM Software (version 4.1.2433.1219,
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Bio-Rad). RNU44 or 18S ribosomal RNA (Applied Biosystems) was used as the reference
miRNA or mRNA, respectively [28]. The cycle threshold (Ct) value was normalised to that
of RNU44 or 18S rRNA genes (∆Ct). Data are expressed as 2−∆∆Ct relative to the negative
control or media control at baseline [28].

2.5. Immunoblotting

Cells were lysed in a RIPA buffer. The protein content of supernatants was determined
using the BCA protein assay (Thermo Scientific, Loughborough, UK). All proteins were
standardised to 10 µg and resolved by SDS-PAGE. Proteins were then transferred onto
nitrocellulose membranes for detection of ∆Np63α, TLR3 and TLR2. GAPDH was used
as a loading control for proteins in cell lysates [28]. The following antibodies were used
for immunoblotting: purified anti-p63 (∆N) antibody (Cell Signaling Technology, 67825,
Danvers, MA, USA), anti-TLR3 antibody (R&D systems, Bio-techne, AF1487, Abingdon,
UK), anti-TLR2 antibody (R&D systems, Bio-techne, AF2616), anti-GAPDH antibody (Ab-
cam, ab9483, Cambridge, UK), donkey anti-goat IgG (HRP, Abcam, ab205723) and goat
anti-rabbit IgG (HRP, Abcam, ab6721). Densitometry quantification was performed using
Image Lab Software (version 6.0.1) [39]. Values are expressed as the protein/GAPDH ratio
and normalised to negative controls or media controls at the baseline.

2.6. Enzyme-Linked Immunosorbent Assay

IL-6 release in the cell culture supernatants was analysed using Human IL-6 DuoSet
ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instruc-
tions. All measurements were performed in duplicate using a SpectraMax iD5 Multi-Mode
Microplate Reader. The concentration of IL-6 was obtained from the four-parameter logistic
(4-PL) curve fit using SoftMax Pro Software (version 7.1).

2.7. Luciferase Reporter Assay

To verify whether IL-6 or p63 is a direct target of miR-149-5p, a wild-type or mu-
tant 3′-UTR fragment of IL-6 (position 1 to 425, 425 base pairs) or p63 (position 2357 to
2774, 417 base pairs) was subcloned into the pmir-GLO dual-luciferase miRNA target
expression vector (Promega, Chilworth, UK) downstream of the firefly luciferase open read-
ing frame (GenScript, Oxford, UK). BEAS-2B cells were cultured in 96-well clear-bottom
plates (Thermo Scientific) at a density of 4 × 104 cells per well in a BEGM medium and
maintained until 70% confluent. BEAS-2B cells were co-transfected with the miR-149-5p
mimic or the negative control for the mimic (0.03 µM) and the pmir-GLO vector containing
IL-6 wild-type, mutant or p63 wild-type or mutant 3′-UTR (0.1 µg) in Opti-MEM using
Lipofectamine® 3000 (Invitrogen). Cells were incubated for 48 h at 37 ◦C before firefly
and Renilla luciferase activity was detected using a dual-luciferase reporter assay system
(Promega) [40]. Firefly and Renilla luciferase activities were measured using a luminometer
(SpectraMax iD5 Multi-Mode Microplate Reader; Molecular Devices). Luciferase activity
was calculated as the ratio of firefly to Renilla luciferase activity and normalised to the
empty dual-luciferase reporter vector and negative control for the mimic group [40]. Each
assay was performed in triplicate and repeated three times.

2.8. Statistical Analysis

Data are expressed as mean± standard error of the mean (SEM). One-way analysis of
variance with the Bonferroni post-test was performed to compare group data. The unpaired
t-test was used to compare two groups. p values of <0.05 were considered statistically
significant. Statistical analysis was performed using GraphPad Prism Software (v8.0.3) [41].
Each experiment was repeated three or more times.
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3. Results
3.1. miR-149-5p Expression in Airway Epithelial Cells after Poly (I:C) Incubation or S1 or
S2 Transfection

There are different reports on the concentrations of poly (I:C) used to stimulate epithe-
lial cells [20,42,43]. Thus, we initially investigated the dose-dependent effect of poly (I:C)
(0.01–10 µg/mL) on the viability of BEAS-2B or A549 cells. Microscopic images of BEAS-2B
or A549 cell cultures showed that there were no significant changes in the morphology of
cells incubated with or without poly (I:C) (10 µg/m) after 24 or 48 h (Figure S1a–h). Poly
(I:C) at 0.5 µg/mL was not highly toxic in BEAS-2B cells and caused no cell death in A549
cells using the LDH assay [28] (Figure S1i–l). We then investigated the effect on miR-149-5p
expression by incubating BEAS-2B cells or A549 cells with poly (I:C) (0.5 µg/mL) and
assessing its expression at baseline and after 6, 8, 24 and 48 h using RT-qPCR. BEAS-2B
cells expressed substantially lower levels of miR-149-5p after incubation with poly (I:C)
for 24 (p = 0.0089) and 48 h (p = 0.0062) (Figure 1a). A549 cells incubated with poly (I:C)
also exhibited significantly decreased expression of miR-149-5p levels after 48 h (p = 0.0028)
(Figure 1b).
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Figure 1. Poly (I:C) suppresses miR-149-5p expression in airway epithelial cells. BEAS-2B or A549
cells were cultured in a 24-well plate at 1 × 105 cells per well in a BEGM or F-12K medium (FBS,
10%), respectively, for 24 h. Cells were then incubated in a BEBM or F-12K medium containing
ITS+1 (1%) with poly (I:C) (0.5 µg/mL). miR-149-5p levels were assessed at 0, 6, 8, 24 and 48 h using
RT-qPCR. (a) miR-149-5p expression in BEAS-2B cells after incubation with poly (I:C). (b) miR-149-5p
expression in A549 cells after incubation with poly (I:C). The cycle threshold (Ct) value of miR-149-5p
was normalised to that of RNU44 (∆Ct). Data are presented relative to the control at baseline (∆∆Ct)
as mean ± SEM. * p ≤ 0.05, compared with the control group, using one-way analysis of variance
with Bonferroni post-test, n = 3.

Next, BEAS-2B and A549 cells were transfected with S1 or S2 (1 µg) for 4 or 24 h [38].
Initially, we transfected GFP (1 µg) into BEAS-2B and A549 cells for 4 h to confirm transfec-
tion efficiency by fluorescence microscopy [38]. Most GFP-positive cells exhibited evenly
scattered GFP expression throughout the cells (Figure S2a–d). Furthermore, our results
showed that transfection with the S1 or S2 for 24 h did not affect the morphology of BEAS-
2B (Figure S2e–g) or A549 cells (Figure S2h–j). Moreover, neither S1 nor S2 transfection for
24 h affected the viability of BEAS-2B (Figure S2k) and A549 cells (Figure S2l). In contrast
to poly (I:C), miR-149-5p expression is not significantly affected by transfection with S1 or
S2 into BEAS-2B or A549 cells after 4 or 24 h compared to the baseline control (Figure 2).
The transfection reagent (transfection control) at 4 or 24 h post-transfection did not affect
miR-149-5p expressions compared with baseline (Figure S3) and hence was excluded from
the data presented in Figure 2.
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A549 cells were cultured in a 24-well plate at 1 × 105 cells per well in a BEGM or F-12K medium
(FBS, 10%), respectively, for 24 h. BEAS-2B or A549 cells were transfected with S1 or S2 (1 µg). Cells
were harvested at baseline and after S1 or S2 transfection for 4 or 24 h. miR-149-5p expression was
assessed using RT-qPCR. (a) miR-149-5p expression in BEAS-2B cells after transfection with S1, n = 5.
(b) miR-149-5p expression in A549 cells after transfection with S1, n = 3. (c) miR-149-5p expression
in BEAS-2B cells after transfection with S2, n = 5. (d) miR-149-5p expression in A549 cells after
transfection with S2, n = 3. The cycle threshold (Ct) value of miR-149-5p was normalised to that of
RNU44 (∆Ct). Data are presented relative to the control at baseline (∆∆Ct) as mean ± SEM.

We next investigated the effect of poly (I:C), S1 or S2 on IL-6, a putative target of
miR-149-5p [33,34].

3.2. IL-6 Release from Airway Epithelial Cells after Poly (I:C) Incubation or S1 or S2 Transfection

First, we assessed the IL-6 mRNA expression in BEAS-2B and A549 cells exposed
to poly (I:C) (0.5 µg/mL) using RT-qPCR. Poly (I:C)-challenged BEAS-2B cells expressed
significantly higher levels of IL-6 mRNA after 24 h (p = 0.0006) compared to baseline
(Figure 3a). However, poly (I:C) incubation for 24 or 48 h did not affect IL-6 mRNA
expression in A549 cells compared to baseline (Figure 3b). We also assessed IL-6 release in
the culture supernatant of cells incubated with poly (I:C) (0.5 µg/mL) for 24 or 48 h using
ELISA. BEAS-2B cells incubated with poly (I:C) released substantially higher levels of IL-6
after 24 h (15,703.67 ± 1350.67 pg/mL (~900-fold greater than baseline, p = 0.0005)) or 48 h
(18,453.00 ± 1927.29 pg/mL (~1000-fold greater than baseline, p = 0.0002)) compared to
cells at baseline (18.33 ± 4.41 pg/mL) (mean ± SEM) (Figure 3c). A549 cells exposed to poly
(I:C) over time also expressed higher levels of IL-6 (p = 0.003) at 24 h (18.94 ± 2.01 pg/mL)
(~5-fold greater than baseline) or 48 h (19.12 ± 2.42 pg/mL) (~5-fold greater than baseline)
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compared to the baseline (4.12 ± 0.28 pg/mL) (Figure 3d). Interestingly, the expression of
IL-6 at mRNA and protein levels were much greater in BEAS-2B compared to A549 cells
incubated with poly (I:C) (Figure 3).
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Figure 3. Effect of poly (I:C) on IL-6 expression in airway epithelial cells. BEAS-2B or A549 cells were
cultured in a 24-well plate at 1 × 105 cells/well in a BEGM or F-12K medium (FBS, 10%), respectively,
for 24 h. BEAS-2B or A549 cells were incubated in a BEBM or F-12K medium containing ITS+1 (1%)
with poly (I:C) (0.5 µg/mL). IL-6 mRNA and protein levels were assessed at baseline and after poly
(I:C) incubation (24 or 48 h) using RT-qPCR and the ELISA technique, respectively. (a) The IL-6 mRNA
expression in BEAS-2B cells after poly (I:C) incubation, n = 5. (b) The IL-6 mRNA expression in A549
cells after poly (I:C) incubation, n = 3. The Ct value of IL-6 was normalised to that of 18S rRNA (∆Ct).
Data are presented relative to the control at baseline (∆∆Ct). (c) Release of IL-6 from BEAS-2B cells
after poly (I:C) incubation, n = 3. (d) Release of IL-6 from A549 cells after poly (I:C) incubation, n = 3.
Data are presented as mean ± SEM. * p ≤ 0.05, compared with the control group, using one-way
analysis of variance with Bonferroni post-test.

We also assessed the levels of IL-6 mRNA and protein in BEAS-2B cells and A549
cells transfected with S1 or S2 (1 µg) (Figure 4). There was no significant difference in IL-6
expression between baseline and transfection control at 4 or 24 h (Figure S4); therefore,
those data are not presented in Figure 4a–d. S1 transfection for 4 h upregulated IL-6 mRNA
expression compared to baseline (p = 0.0027) in BEAS-2B (Figure 4a) but not A549 cells
(Figure 4b). Interestingly, S2 transfection had no effect on IL-6 mRNA expression in BEAS-
2B (Figure 4c) or A549 (Figure 4d) cells. S1 transfection substantially increased (~3-fold)
IL-6 release (2141.83 ± 143.44 pg/mL) from BEAS-2B cells after 24 h compared to the
transfection control (825.35 ± 173.41 pg/mL) (mean ± SEM) (p < 0.0001) (Figure 4e) but not
in A549 cells (Figure 4f). In contrast, S2 transfection did not induce IL-6 release in BEAS-2B
cells (Figure 4g) or A549 cells (Figure 4h) compared with the relative transfection control.
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Figure 4. Effect of S1 or S2 on IL-6 expression in airway epithelial cells. BEAS-2B or A549 cells
were cultured in a 24-well plate at 1 × 105 cells per well in a BEGM or F-12K medium (FBS, 10%),
respectively, for 24 h. BEAS-2B or A549 cells were transfected with S1 or S2 (1 µg). IL-6 mRNA and
protein levels were assessed using the RT-qPCR and ELISA technique, respectively. (a) The IL-6
mRNA expression after S1 transfection in BEAS-2B cells, n = 3. (b) The IL-6 mRNA levels after S1
transfection in A549 cells, n = 3. (c) The IL-6 mRNA levels after S2 transfection in BEAS-2B cells,
n = 3. (d) The IL-6 mRNA levels after S2 transfection in A549 cells, n = 3. The Ct value of IL-6 was
normalised to that of 18S rRNA (∆Ct). Data are presented relative to the control at baseline (∆∆Ct)
as mean ± SEM. (e) IL-6 release after S1 transfection into BEAS-2B cells, n = 6. (f) IL-6 release after
S1 transfection into A549 cells, n = 3. (g) IL-6 release after S2 transfection into BEAS-2B cells, n = 6.
(h) IL-6 release after S2 transfection into A549 cells, n = 3. White, dotted, dark grey and light grey
bars represent, baseline, transfection control, S1 transfection and S2 transfection, respectively. Data
are presented as mean ± SEM. * p ≤ 0.05, compared with the control group, using one-way analysis
of variance with Bonferroni post-test.
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3.3. p63 Expression in Airway Epithelial Cells after Poly (I:C) Incubation or S1 or S2 Transfection

p63 is another potential target of miR-149-5p [33,34]. Therefore, we assessed the
changes in p63 mRNA and ∆Np63α protein expression in airway epithelial cells incubated
with poly (I:C) (0.5 µg/mL) using RT-qPCR and immunoblotting, respectively. Exposure
to poly (I:C) increased p63 mRNA levels (~3-fold) in BEAS-2B cells after 24 h (p = 0.0157)
compared to baseline (Figure 5a). However, poly (I:C) incubation had no effect on p63
mRNA expression in A549 cells (Figure 5b). BEASE-2B cells incubated with poly (I:C)
also expressed higher level of ∆Np63α protein after 24 (2.81 ± 0.39 relative band intensity,
p = 0.0250) and 48 h (2.78 ± 0.62 relative band intensity, p = 0.0278) compared to baseline
(0.91 ± 0.12 relative band intensity) (mean ± SEM) (Figure 5c,e). However, ∆Np63α
protein expression was undetectable in A549 cells before and after the poly (I:C) challenge
(Figure 5d).
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Figure 5. Effect of poly (I:C) challenge on p63 expression in airway epithelial cells. BEAS-2B or A549
cells were cultured in a 24-well plate at 1 × 105 cells per well in a BEGM or F-12K medium (FBS,
10%), respectively, for 24 h. BEAS-2B or A549 cells were incubated in a BEBM or F-12K medium
containing ITS+1 (1%) with poly (I:C) (0.5 µg/mL). p63 mRNA and ∆Np63α protein expression was
assessed at baseline and after poly (I:C) challenge (24 or 48 h) using RT-qPCR and immunoblotting,
respectively. (a) p63 mRNA expression in BEAS-2B cells, n = 3. (b) p63 mRNA expression in A549
cells, n = 3. The Ct value of p63 was normalised to that of 18S rRNA (∆Ct). Data are presented relative
to the control at baseline (∆∆Ct). (c) Immunoblots representative of ∆Np63α protein in BEAS-2B
cells, n = 5. (d) Immunoblots representative of ∆Np63α protein in A549 cells, n = 3. (e) Densitometric
quantification of the immunoblot in BEAS-2B cells. Values were normalised to those of GAPDH
(37 kDa) as a loading control. Data are presented as mean ± SEM. * p ≤ 0.05, compared with the
control group, using one-way analysis of variance with Bonferroni post-test.
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We also assessed the effect of the S1 or S2 (1 µg) on p63 mRNA and ∆Np63α protein
levels in airway epithelial cells. We showed that BEAS-2B and A549 cells transfected
with S1 or S2 for 24 h expressed similar levels of p63 mRNA (Figure 6a,b) compared to
baseline. Similar patterns were detected in ∆Np63α protein levels after S1 or S2 transfection
(Figure 6c,d) compared to baseline in BEAS-2B cells.
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Figure 6. Effect of S1 or S2 transfection on p63 expression in airway epithelial cells. BEAS-2B or A549
cells were cultured in a 24-well plate at 1 × 105 cells per well in a BEGM or F-12K medium (FBS, 10%),
respectively, for 24 h. Cells were transfected with S1 or S2 (1 µg). p63 mRNA and ∆Np63α protein
levels were assessed using RT-qPCR and immunoblotting, respectively. (a) p63 mRNA expression
in BEAS-2B cells after transfection with S1 or S2 for 24 h, n = 5. (b) p63 mRNA expression in A549
cells after transfection with S1 or S2 for 24 h, n = 3. The Ct value of p63 mRNA was normalised to
that of 18S rRNA (∆Ct). Data are presented relative to the control at baseline (∆∆Ct). (c) Immunoblot
representative of ∆Np63α protein in BEAS-2B cells after transfection with S1 or S2 for 24 h, n = 5.
(d) Densitometry analysis of the immunoblot. Values were normalised to those of GAPDH (37 kDa)
as a loading control. Data are presented as mean ± SEM.

3.4. TLR3 Expression in Airway Epithelial Cells after Poly (I:C) Incubation

Poly (I:C) is recognised by TLR3 [13]. Our results indicate that BEAS-2B cells and
A549 cells respond differently to poly (I:C) (Figures 3, 5 and S1). We therefore compared
the mRNA and protein levels of TLR3 in BEAS-2B cells and A549 cells at baseline and
after challenging with poly (I:C). A549 cells expressed substantially lower TLR3 mRNA
compared with BEAS-2B cells (p < 0.0001) at baseline (Figure 7a). Moreover, immunoblot
results confirmed basal levels of TLR3 in BEAS-2B cells, but these were undetectable in
A549 cells (Figure 7b,c). Furthermore, BEAS-2B cells challenged with poly (I:C) (0.5 µg/mL)
for 24 h expressed significantly elevated TLR3 mRNA (~3-fold) compared to the baseline
control (p = 0.0169) (Figure 7d). TLR3 mRNA expression increased slightly in response to
poly (I:C) incubation after 48 h in BEAS-2B cells but did not reach statistical difference. Poly
(I:C) challenge did substantially upregulate TLR3 protein levels (~3-fold) in BEAS-2B cells
after 24 h (1.27 ± 0.17 relative band intensity) compared to the baseline control (0.41 ± 0.09
relative band intensity, p = 0.0022) (Figure 7e,f). In addition, the poly (I:C) challenge had
no significant effect on TLR3 mRNA expression for 24 h but suppressed TLR3 mRNA
expression for 48h compared to the baseline control in A549 cells (Figure 7g). TLR3 protein
expression was too weak to be detected in A549 cells challenged with poly (I:C) for 24 or
48 h using the immunoblotting technique (Figure 7h).
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Figure 7. TLR3 expression in airway epithelial cells at baseline and after incubation with poly (I:C).
BEAS-2B or A549 cells were cultured in a 24-well plate at 1 × 105 cells per well in a BEGM or F-12K
medium (FBS, 10%) for 24 h. BEAS-2B or A549 cells were incubated in a BEBM or F-12K medium
containing ITS+1 (1%) with poly (I:C) (0.5 µg/mL) for 24 or 48 h. (a) TLR3 mRNA expression at
baseline in BEAS-2B and A549 cells, n = 3. The Ct value of TLR3 was normalised to that of 18S rRNA
(∆Ct). Data are presented relative to the BEAS-2B cells (∆∆Ct) as mean ± SEM. (b) Representative
immunoblot and (c) densitometry analysis of TLR3 (125 kDa) at baseline in BEAS-2B cells and A549
cells, n = 3. GAPDH (37 kDa) was used as a loading control. Data are presented as mean ± SEM.
Values were normalised to GAPDH as a loading control. (d) TLR3 mRNA expression in BEAS-2B
cells challenged with poly (I:C). The cycle threshold (Ct) value of TLR3 was normalised to that of 18S
rRNA (∆Ct). Data are presented relative to the control at baseline (∆∆Ct), n = 3. (e) Representative
immunoblot and (f) densitometry analysis of TLR3 in BEAS-2B cells incubated with poly (I:C),
n = 5. (g) TLR3 mRNA expression in A549 cells challenged with poly (I:C), n = 3. (h) Representative
immunoblot of TLR3 in A549 cells incubated with poly (I:C), n = 3. Data are presented as mean ± SEM.
* p ≤ 0.05, compared with the control group, using unpaired t-test or one-way analysis of variance
with Bonferroni post-test.

3.5. TLR2 Expression in Airway Epithelial Cells after S1 or S2 Subunit Transfection

TLR2 has a significant role in inducing inflammatory responses during SARS-CoV-2
infection, and its expression is prominently increased in swab specimens of patients in-
fected with SARS-CoV-2 [15,44]. Our results show that BEAS-2B and A549 cells respond
differently to S1 and S2 transfection (Figure 4). We therefore compared the mRNA and
protein expressions of TLR2 in BEAS-2B and A549 cells at basal level and after transfection
with S1 or S2. Basal TLR2 mRNA expression was significantly higher in BEAS-2B cells com-
pared to A549 cells (p < 0.0001, Figure 8a). Consistent with mRNA expressions, BEAS-2B
cells also had higher levels of TLR2 protein than A549 cells at basal level (Figure 8b,c). We
also investigated whether S1 or S2 transfection could upregulate TLR2 mRNA expression in
airway epithelial cells. There was no significant difference in TLR2 mRNA expression com-
pared to baseline in BEAS-2B cells exposed to S1 or S2 for 24 h (Figure 8d). Further, TLR2
protein levels remained unchanged compared with baseline in BEAS-2B cells transfected
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with the S1 or S2 for 24 h (Figure 8e,f). TLR2 mRNA was weakly expressed and almost
undetectable in A549 cells at baseline and 24 h after transfection with S1 or S2 (Table S1).
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Figure 8. TLR2 expression in airway epithelial cells at baseline and after transfection with S1 or S2.
BEAS-2B or A549 cells were cultured in a 24-well plate at 1 × 105 cells per well in a BEGM or F-12K
medium (FBS, 10%) for 24 h. TLR2 mRNA and protein levels were assessed using RT-qPCR and
immunoblotting, respectively. (a) TLR2 mRNA basal expression in BEAS-2B and A549 cells assessed,
n = 3. Data are presented relative to control BEAS-2B cells (∆∆Ct) as mean ± SEM. (b) Representative
immunoblot and (c) densitometry analysis of basal TLR2 protein expression (92 kDa) in BEAS-2B
and A549 cells, n = 3. Values were normalised to those of GAPDH (37 kDa) as a loading control.
(d) TLR2 mRNA expression in BEAS-2B cells at baseline and after transfection with S1 or S2 subunit
for 24 h, n = 3. The Ct value of TLR2 mRNA was normalised to that of 18S rRNA (∆Ct). Data are
presented relative to the control at baseline (∆∆Ct). (e) Representative immunoblot of TLR2 protein
and (f) densitometry analysis in BEAS-2B cells at baseline and after transfection with S1 or S2 subunit
for 24 h, n = 4. Values were normalised to those of GAPDH as a loading control. Data are presented as
mean ± SEM. * p ≤ 0.05, compared with the control group, using unpaired t-test or one-way analysis
of variance with Bonferroni post-test.

3.6. Ectopic Expression of miR-149-5p Mimic Suppresses IL-6 and p63 Expression in BEAS-2B Cells

To confirm that IL-6 and p63 are targets of miR-149-5p, we transfected BEAS-2B cells
with an miR-149-5p mimic or antagomir or the negative control for the mimic or antagomir
(5 nM) for 24 or 48 h (Figure 9) [28]. Ectopic expression of the miR-149-5p mimic or
antagomir (5 nM) did not affect cell viability compared to the relevant negative control
using the LDH assay (Figure S5). Transfection of the miR-149-5p mimic or antagomir was
confirmed by evaluating the miR-149-5p expression using RT-qPCR. Transfection with the
miR-149-5p mimic significantly increased miR-149-5p expression in BEAS-2B compared
to control cells after 24 h (p = 0.0265, Figure 9a). In contrast, miR-149-5p antagomir trans-
fection suppressed miR-149-5p levels in BEAS-2B compared to control transfection after
24 h (p = 0.0007, Figure 9b). IL-6 mRNA expression was downregulated in BEAS-2B trans-
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fected with the miR-149-5p mimic compared to the negative control after 24 h (p < 0.0001,
Figure 9c). However, miR-149-5p antagomir transfection had no significant effect on IL-6
mRNA expression in BEAS-2B cells after 24 h (Figure 9d). IL-6 protein levels in culture
supernatants of BEAS-2B cells transfected with the miR-149-5p mimic or antagomir for 48 h
were below the detection limits of the ELISA technique (Table S2). Transfection of BEAS-2B
cells with the miR-149-5p mimic reduced p63 mRNA expression compared to the control
transfection after 24 h (p < 0.0001, Figure 9e). p63 mRNA expression remained unchanged in
BEAS-2B cells transfected with the miR-149-5p antagomir compared to the control transfec-
tion after 24 h (Figure 9f). In addition, over-expression of miR-149-5p suppressed ∆Np63α
protein levels (0.58 ± 0.07 relative band intensity normalised to negative control) after
48 h (Figure 9g,i). miR-149-5p antagomir transfection had no effect on ∆Np63α protein
expression in BEAS-2B cells after 48 h (Figure 9h,j).
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Figure 9. Effect of miR-149-5p mimic or antagomir transfection on miR-149-5p, IL-6 and p63 levels in
BEAS-2B cells. BEAS-2B cells were cultured in a 24-well plate at 1 × 105 cells/well in BEGM for 24 h.
Cells were then transfected with the miR-149-5p mimic or antagomir (5 nM) in BEBM for 24 h (for
miRNA and mRNA expressions) or 48 h (for protein levels). miR-149-5p expression in BEAS-2B cells
after (a) miR-149-5p mimic transfection or (b) miR-149-5p antagomir transfection. The cycle threshold
(Ct) value of miR-149-5p was normalised to that of RNU44 (∆Ct). Data are presented relative to the
negative control (∆∆Ct) as mean ± SEM. IL-6 mRNA expression in cells after transfection of (c) mimic
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or (d) antagomir. p63 mRNA expression in cells after transfection of miR-149-5p (e) mimic or
(f) antagomir. The Ct values of IL-6 or p63 mRNA was normalised to that of 18S rRNA (∆Ct). Data
are presented relative to the negative control (∆∆Ct) as mean ± SEM. (g) Representative immunoblot
and (i) densitometry analysis of ∆Np63α (70 kDa) protein in cells after transfection of miR-149-5p
mimic. (h) Representative immunoblot and (j) densitometry analysis of ∆Np63α protein in cells
after transfection of miR-149-5p antagomir. Values were normalised to those of GAPDH (37 kDa)
as a loading control. Data are presented relative to the negative control as mean ± SEM. * p ≤ 0.05,
compared to the control group, using an unpaired t-test, n = 5.

3.7. Ectopic Expression of miR-149-5p Mimic Downregulates Poly (I:C)-Induced IL-6 Release in
BEAS-2B Cells after 24 h

miR-149-5p expression was supressed (Figure 1a), whereas mRNA and protein levels
of IL-6 (Figure 3) and p63 (Figure 5) were increased, in BEAS-2B cells incubated with poly
(I:C) (0.5 µg/mL) for 24 h. miR-149-5p mimic (5 nM) transfection for 24 h suppressed IL-6
and p63 mRNA levels in BEAS-2B cells (Figure 9a,c,e). To understand the potential of the
miR-149-5p mimic in preventing or reversing poly (I:C) effects on IL-6 and/or p63, we
transfected BEAS-2B cells with the miR-149-5p mimic (5 nM) for 24 h and subsequently
incubated the cells with poly (I:C) (0.5 µg/mL) for 24 h. BEAS-2B cells transfected with
miR-149-5p and then incubated with poly (I:C) expressed significantly higher levels of miR-
149-5p (Figure 10a) but lower levels of IL-6 mRNA and protein (Figure 10b,c) compared with
cells incubated with the negative control and poly (I:C) (p < 0.0001, p = 0.0003 and p = 0.0212,
respectively). IL-6 levels released from BEAS-2B cells transfected with the negative control
for the mimic or miR-149-5p mimic for 24 h and subsequently incubated with poly (I:C)
for 24 h were 15,886.00 ± 3376.56 or 5068.50 ± 898.03 pg/mL (mean ± SEM), respectively.
Although miR-149-5p mimic transfection and subsequent poly (I:C) incubation in BEAS-
2B cells inhibited p63 mRNA levels (p < 0.0001, Figure 10d), ∆Np63α protein remained
unchanged compared to the negative control (Figure 10e,f).
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Figure 10. miR-149-5p mimic suppresses the poly (I:C)-induced IL-6 mRNA and protein and
p63 mRNA over-expression in BEAS-2B cells. BEAS-2B cells were cultured in a 24-well plate at
1 × 105 cells per well in BEGM for 24 h. Cells were transfected with the miR-149-5p mimic (5 nM) in
BEBM for 24 h and subsequently challenged with poly (I:C) (0.5 µg/mL) in BEBM (ITS+1, 1%) for
24 h. (a) miR-149-5p expression in BEAS-2B cells, n = 3. The Ct value of miR-149-5p was normalised
to that of RNU44 (∆Ct). Data are presented relative to the negative control mimic (∆∆Ct). (b) IL-6
mRNA expression in cells, n = 3. (c) IL-6 release from cells assessed using ELISA, n = 4. (d) p63 mRNA
expression in cells, n = 3. The Ct value of IL-6 or p63 mRNA was normalised to that of 18S rRNA
(∆Ct). Data are presented relative to the negative control (∆∆Ct) as mean ± SEM. (e) Representative
immunoblot and (f) densitometric quantification of ∆Np63α protein, n = 3. Values were normalised
to those of GAPDH as a loading control. Data are presented relative to the negative control mimic as
mean ± SEM. * p ≤ 0.05, compared with the control group, using an unpaired t-test.

3.8. Luciferase Reporter Assay

To confirm whether IL-6 or p63 is a direct target of miR-149-5p, a luciferase reporter
assay was performed to detect the interaction between miR-149-5p and the 3′-UTR of IL-6
or p63. The potential binding sites of IL-6 or p63 wild-type (WT) or mutant (MUT) 3′-UTR
were subcloned into a dual-luciferase reporter vector (Figure 11a,b). The construct was
co-transfected into BEAS-2B cells along with the miR-149-5p mimic or negative control,
and then luciferase activity was assessed. Co-transfection of the miR-149-5p mimic with
IL-6 WT resulted in a substantial decrease (~74%) in luciferase activity compared to the
negative control (p = 0.0016, Figure 11c). There was no reduction in luciferase activity
with co-transfection of the miR-149-5p mimic with IL-6 MUT (Figure 11c). However, the
luciferase reporter assay showed that co-transfection of the miR-149-5p mimic with p63 WT
or p63 MUT had no significant effect on the luciferase activity compared to the negative
control (Figure 11d). These results suggest that miR-149-5p directly targets the 3′-UTR of
IL-6 but not p63.
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Figure 11. miR-149-5p targets the 3′-UTR of the mRNA of IL-6. (a) Representation of IL-6 WT or MUT
3′-UTR position 270 to 292 from a total 3′-UTR length of 425 base pairs. Full-length IL-6 WT or MUT
3′-UTR fragments were subcloned into a dual-luciferase reporter vector. (b) Representation of p63 WT
or MUT 3′-UTR position 2675 to 2698 from a total 3′-UTR length of 2774 base pairs. The p63 WT or
MUT 3′-UTR fragments (position 2357 to 2774) were subcloned into a dual-luciferase reporter vector.
The underlined nucleotides are the putative miR-149-5p binding sites. Vertical black lines represent
the potential miRNA binding site to the IL-6 or p63 WT 3′-UTR. Bold nucleotides are mutations
generated in the IL-6 or p63 WT 3′-UTR by mutating the eight nucleotides potentially recognised by
miR-149-5p. BEAS-2B cells were cultured in 96-well white clear-bottom plates at 4 × 104 cells per well
in BEGM and grown to 70% confluence. (c) Luciferase activity in BEAS-2B cells co-transfected with
IL-6 WT or MUT 3′-UTR vector (0.1 µg) and the mimic negative control (white bars) or miR-149-5p
mimic (grey bars) (0.03 µM). (d) Luciferase activity in BEAS-2B cells co-transfected with p63 WT
or MUT 3′-UTR vector (0.1 µg) and the mimic negative control (white bars) or miR-149-5p mimic
(grey bars) (0.03 µM). Luciferase activity was measured 48 h after transfection, calculated as the ratio
of firefly to Renilla luciferase activity and normalised to the empty dual-luciferase reporter vector.
Each assay was performed in triplicate. Data are presented relative to the mimic negative control
as mean ± SEM, n = 3. * p ≤ 0.05, compared to the control, using one-way analysis of variance with
Bonferroni post-test.

4. Discussion

miR-149-5p is located on chromosome 2 (Gene ID:406941) and is embedded in the
first intron of the human glypican 1 (GPC1) gene [45]. miR-149-5p has emerged as a key
regulator of cellular inflammatory responses and cell proliferation in different pathological
conditions [31,46]. However, there is a gap in our knowledge about the function of miR-
149-5p in airway epithelial cells during respiratory viral infection. Thus, we investigated
the profile of miR-149-5p expression in airway epithelial cells exposed to poly (I:C), S1 or
S2 as a model relevant to the pathophysiology of respiratory viruses. Our data revealed
that poly (I:C) stimulation suppresses miR-149-5p expression, correlating with IL-6 and
p63 upregulation and TLR3 overexpression in BEAS-2B cells. The response of A549 cells to
poly (I:C) stimulation differed from BEAS-2B cells. Although A549 incubated with poly
(I:C) expressed lower levels of miR-149-5p and higher levels of IL-6, the levels of p63 and
TLR3 proteins were undetectable. Interestingly, miR-149-5p remained unchanged in both
cell lines after exposure to S1 or S2, while S1 transfection induced IL-6 overexpression
in BEAS-2B cells. Interestingly, BEAS-2B cells expressed TLR2, whereas A549 cells did
not. However, S1 or S2 transfection had no effect on TLR2 expression in BEAS-2B cells.
Ectopic over-expression of miR-149-5p in BEAS-2B cells suppressed IL-6 and p63 levels and
inhibited poly (I:C)-induced IL-6 and p63. miR-149-5p directly suppressed IL-6 in BEAS-2B
cells, as defined using the luciferase assay. Our data indicate that the distinct responses of
miR-149-5p to respiratory viral models may differ in different types of airway epithelial cells.
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This may highlight potential specificity of miR-149-5p to TLR3-associated stimuli in specific
cell types, with its potential as a therapeutic target to supress proinflammatory pathways.

We demonstrated that, upon challenge with poly (I:C) up to 48 h, miR-149-5p expres-
sion was substantially downregulated in BEAS-2B and A549 cells. These data for BEAS-2B
cells are in agreement with previous reports by Hübner et al. [40], who showed that miR-
149-5p directly targets chitinase-3-like-1, which is dependent on TNF-α-mediated NF-κB
activation via IκBα phosphorylation [40]. Inflammation is a hallmark of severe respiratory
viral infections in the lungs [47]. Respiratory epithelial cells respond to viral infections
by generating pro-inflammatory cytokines and chemokines [12]. Accumulating evidence
shows that IL-6 is released by airway epithelial cells and is associated with increased pul-
monary inflammation and a cytokine storm [48,49]. We demonstrated that BEAS-2B cells
challenged with poly (I:C) for 24 h expressed significantly elevated (~20-fold) IL-6 mRNA
levels compared to the baseline control. IL-6 mRNA over-expression was correlated with
increased IL-6 protein release by ~900-fold from BEAS-2B cells incubated with poly (I:C)
for 24 h. Our data support the findings of Stowell et al., who reported significant cytokine
secretion, including IL-6, from BEAS-2B cells exposed to poly (I:C) [20]. miRNA target
prediction database tools predicted that the IL-6 gene may harbour a potential miRNA-
binding site for miR-149-5p [33–35]. Further, we investigated whether poly (I:C)-induced
IL-6 expression was post-transcriptionally regulated by miR-149-5p in BEAS-2B cells. We
showed for the first time that ectopic over-expression of miR-149-5p for 24 h suppressed
IL-6 mRNA levels and inhibited poly (I:C)-induced IL-6 release in BEAS-2B cells. In addi-
tion, we demonstrated for the first time that miR-149-5p directly targets the 3′-UTR of IL-6
in BEAS-2B cells. Interestingly, Li et al. reported that miR-149 also directly targets IL-6 in
gastric stromal fibroblasts [32].

Previous evidence suggests that BEAS-2B cells incubated with poly (I:C) have reduced
wound repair capacity [22]. The transcription factor p63 play an important role in epithelial
wound repair [23]. Bioinformatics platforms suggest that p63 is a putative target of miR-
149-5p [33–35]. Our data revealed that the downregulation of miR-149-5p was correlated
with (~3-fold) upregulation of p63 mRNA and ∆Np63α protein levels in BEAS-2B cells chal-
lenged with poly (I:C) for 24 h. We also found for the first time that ectopic over-expression
of miR-149-5p in BEAS-2B cells downregulated p63 mRNA and ∆Np63α protein levels
after 24 and 48 h, respectively. miR-149-5p overexpression in BEASE-2B cells challenged
with poly (I:C) also suppressed p63 mRNA expression but did not affect its protein levels.
However, a dual-luciferase assay revealed that miR-149-5p does not directly target p63.
Interestingly, Sakaram et al. reported that p63 positively regulates miR-149-5p in a human
keratinocyte cell line [50]. Our data and previous reports may indicate that cross-talk
between TLR3-mediated miR-149-5p dysregulation and p63 may be indirect, complex and
tissue/cell type specific.

Recent data have demonstrated that in patients with coronavirus disease (COVID-19),
plasma levels of the SARS-CoV-2 spike protein S1 subunit correlate with disease pro-
gression [51]. Also, lung autopsy samples from patients with fatal COVID-19 showed
alveolar-capillary barrier dysfunction, injury to alveolar and basal epithelial cells and defec-
tive tissue repair processes [52]. We observed that S1 or S2 had no effect on BEAS-2B and
A549 cells viability, which is in agreement with data from Manfredelli et al. [18]. In contrast
to the poly (I:C) model, miR-149-5p expression was not affected by S1 or S2 transfection in
BEAS-2B or A549 cells. There was an increase in IL-6 secretion (~3-fold) in BEAS-2B cells
exposed to S1 after 24h but not S2 or in A549 cells. Manfredelli et al. also reported that S1
induces IL-6 release from BEAS-2B cells [18]. In contrast to the poly (I:C) effect, we showed
for the first time that S1 or S2 exposure does not affect p63 expression in BEAS-2B cells.

The different patterns of miR-149-5p expression in BEAS-2B cells challenged with
poly (I:C), S1 or S2 indicates the specificity of miR-149-5p to different respiratory viral
PAMPs. While TLR3 recognises poly (I:C), the expression of TLR2 is positively associated
with the severity of SARS-CoV-2 infection [15,53]. Thus, the activation of specific TLRs
in response to different PAMPs may contribute to the differential regulation of epigenetic
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mechanisms, including miR-149-5p, in airway epithelial cells. Our data suggest that
miR-149-5p directly regulates the expression of IL-6 in BEAS-2B cells exposed to poly (I:C),
whereas the proinflammatory role of S1 may be independent from miR-149-5p in these cells.

A549 cells responses to poly (I:C), S1 or S2 differed to those of BEAS-2B cells. Af-
ter exposure to poly (I:C) (0.01–10 µg/mL) for 48 h, BEAS-2B cells had significant cell
death, whereas the viability of A549 cells remained unaffected. The magnitude of IL-6
secretion from BEAS-2B cells challenged with poly (I:C) was ~1000-fold greater than a
similar challenge in A549 cells. A549 cells did not express the ∆Np63α protein in the
absence or presence of poly (I:C). Our data are consistent with previous reports of a lack
of ∆Np63α in A549 cells at baseline [23,54]. Our data revealed that the S1 or S2 challenge
had no effect on IL-6 expression in A549 cells. These are in contrast to the data of Patra
et al., who showed that SARS-CoV-2 spike S1 protein in A549 cells promotes IL-6 release
through an angiotensin II type 1 receptor (AT1)-mediated signalling cascade and induces
the transcriptional regulatory molecules NF-κB and AP-1/c-Fos via MAPK activation [55].
While these authors used transient transfection with the SARS-CoV-2-Spike S1 or S2 region
(Sino Biological) for ectopic expression of spike S1 or S2 in A549 cells [55], we transfected
A549 cells with the S1 or S2 subunit protein (RayBiotech). In contrast to our data, Man-
fredelli et al. reported that the SARS-CoV-2 S1 spike protein induces IL-6 release in A549
cells [18]. While the source of A549 cells was similar, we cultured cells in an F-12K medium
(recommended by ATCC), whereas Manfredelli et al. maintained cells in RPMI. Differences
in the nature of the S1 or the media conditions may explain the different responses of A549
cells to S1 exposure.

We explored whether the different responses of BEAS-2B and A549 cells to poly (I:C)
or S1 may be due to differences in the expression of TLRs that interact with these PAMPs
and trigger cellular responses, including inflammation. Interestingly, TLR3 expression was
significantly higher in BEAS-2B compared to A549 cells. Hillyer et al. also reported that
BEAS-2B cells express higher TRL3 mRNA levels than A549 cells [11]. Further, BEAS-2B
cells challenged with poly (I:C) expressed higher levels of TLR3 mRNA (~3-fold) and
protein (~3-fold) compared to baseline. These results are in line with a previous report
by Li et al. showing upregulation of TLR3 mRNA in BEAS-2B cells incubated with poly
(I:C) [56]. In contrast to BEAS-2B cells, A549 cells did not express TLR3 at baseline or after
poly (I:C) challenge. Another study also showed that TLR3 mRNA levels were undetectable
in A549 cells and that a poly (I:C) challenge had no effect on TLR3 upregulation in A549
cells [57]. These data may explain the increased sensitivity of BEAS-2B to a poly (I:C)
challenge, including cell death, higher IL-6 expression and p63 compared to A549 cells.
Furthermore, BEAS-2B cells expressed significantly higher levels of TLR2 than A549 cells,
which is aligned with the fundings of Hillyer et al. [11]. These data may support our
observed increased sensitivity of BEAS-2B to S1 and hence elevated IL-6 in BEAS-2B but
not A549 post S1 stimulation. Our data suggest that the difference in TLR3 and TLR2
expression between BEAS-2B and A549 cells may contribute to the different responses of
cells to poly (I:C) and S1 or S2. This unique expression pattern of TLRs in BEAS-2B and
A549 cells could be due to the source of these cell types. BEAS-2B cells were initiated
from healthy human bronchial cells [36], whereas A549 cells were generated from a human
alveolar cell carcinoma that belonged to different parts of the bronchial tree [58].

Our study has some limitations. We investigated the potential role of miR-149-5p in
immortalised BEAS-2B and A549 cell lines. A549 cells are a model of the alveolar type II
pulmonary epithelium but are neoplastic cells, which may affect the results. Further inves-
tigations in primary epithelial cells will increase the translational relevance of our findings.
Moreover, BEAS-2B cells were maintained in submerged cultures that only represent basal
epithelial cells. Our model did not provide a clear picture of the pseudostratified structure
of bronchial epithelial cells. Thus, it will be interesting to obtain evidence of miR-149-5p
function in epithelial cells differentiated in air–liquid interface conditions. Another limita-
tion is that we did not perform dose-response studies on S1 or S2 transfection in airway
epithelial cells. Future assessments of the response of these cells to multiple doses of the
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S1 or S2 may generate valuable outcomes. Finally, we used two respiratory virus PAMPs
to determine the role of miR-149-5p in airway epithelial cells. Extending our studies
to live respiratory viruses would be beneficial for validating the biological function of
miR-149-5p during infection in airway epithelial cells. Expanding this investigation to the
regulatory functions of miR-149-5p on other inflammatory cytokines and epithelial cell
integrity markers will add value to this research. For more physiologically relevant models,
expanding this research to co-culturing epithelial cells with macrophages will add value to
investigating inflammatory and wound healing responses after viral challenges. Future
verification of these data using in vivo models, for example, mice challenged with live
viruses, will be essential for confirmation outcomes.

5. Conclusions

BEAS-2B cells respond differently to PAMPs of different respiratory viral infections,
including poly (I:C), S1 or S2, compared to A549 cells. miR-149-5p directly targets IL-6 in
BEAS-2B cells. TLR3-mediated miR-149-5p dysregulation may directly induce increased
IL-6 and indirectly increase p63 expression in BEAS-2B cells. Our data showed for the
first time that ectopic expression of miR-149-5p can suppress IL-6 and p63 expression
and reverse poly (I:C)-induced IL-6 release in BEAS-2B cells. These findings support the
potential role of miR-149-5p in modulating TLR3-mediated inflammatory responses in
bronchial epithelial cells, which may inform future targeted approaches to therapy.
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