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Abstract

The human bronchial epithelium plays a crucial role in mediating antiviral immune
reactions. When double-stranded RNA (dsRNA) binds to the receptor named Toll-like
receptor (TLR) 3, activation of antiviral innate immune reactions is initiated by
producing interferon (IFN) type I. Then, type | IFN promotes the transcription of IFN-
stimulated genes (ISGs). Proteins encoded by ISGs reveal antiviral effects. The IFN-
induced transmembrane protein 1 (IFITM1) is an ISG family member that inhibits viral

Impact Statement

Interferon-induced transmembrane protein 1
(IFITM1) exerts antiviral properties by blocking the
virus entry into host cells, but IFITM1 expression in
human bronchial epithelium is not well known. We
examined IFITM1 expression in cultured BEAS-2B

cells incubated with poly I:C, an agonist for TLR3.
Poly I:C-upregulated IFITM1 expression was time-
and concentration-dependent. Using specific
siRNAs, we also revealed that knockdown of
interferon-p (IFN-B) or interferon-stimulated gene
56 (ISG56) decreased the expression level of
IFITM1. TLR3, IFN-B, and ISG56 may contribute to
poly I:C-mediated IFITM1 induction. The findings
of this study help elucidate the mechanism of
antiviral reactions in bronchial epithelial cells.

infection by preventing the entry of viruses with a cell membrane. However, IFITM1
expression in human bronchial epithelium remains largely undetermined. Here, we
investigated whether IFITM1 is expressed in cultured BEAS-2B bronchial epithelial
cells. Polyinosinic:polycytidylic acid (poly I:C) was used for treatment of BEAS-2B as
a TLR3 ligand. IFITM1 expression levels were measured using reverse transcription—
quantitative PCR and Western blotting. Using RNA interference, we determined the
significance of IFN-B and ISG56 on IFITM1 upregulation. Poly I:C treatment
significantly upregulated IFITM1 expression in BEAS-2B cells, and it was
concentration- and time-dependent. Knockdown of IFN-B or ISG56 decreased poly

I:C-induced IFITM1 expression levels. Recombinant IFN-B also increased expression

levels of IFITM1. In BEAS-2B
cells, IFITM1 expression is upregulated by poly I:C, at least partly, via the TLR3/IFN-B/ISG56 axis. Thus, IFITM1 may contribute
to antiviral innate immunity in bronchial epithelium.
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Introduction

Toll-like receptor 3 (TLR3), an antiviral member of the

TLR family, is a receptor which recognize double-stranded RNAs
(dsRNAs). dsRNA is a molecular pattern associated with viruses.
TLR3 plays crucial roles in defense against viral infections. Viral
dsRNA binding to TLR3 triggers the expression of interferon
(IFN) type I. These are fundamental cytokines contribute to host
defense, inducing production of IFN-stimulated genes (ISGs). It
is well known that human bronchial epithelial cells express

TLR3,! and IFN-B is the primary type 1 IFN that contributes to
antiviral responses in these cells.?
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influenza.” ! ISG56 was also found to function for defense against
infection of viruses in bronchial epithelial cells.'?

BEAS-2B are cell line of non-cancerous human bronchial
epithelial cells,'® which provides a proper model for investigating
innate immunity. ISG56 is induced by polyinosinic—polycytidylic
acid (poly I:C), an activator of TLR3, and enhances CXCL10
expression in BEAS-2B.!? However, it remains unclear whether
IFITM1 is expressed in bronchial epithelial cells via TLR3
activation. In this study, IFITM1 expression was investigated in
BEAS-2B cells incubated with poly I:C. Moreover, it was
examined whether IFN-f and/ or ISG56 are associated with
inducing poly I:C-mediated IFITM1 expression.

Materials and methods
Cell culture

We purchased BEAS-2B cells from ATCC (Manassas, VA, USA)
and this cell line is verified to be human bronchial epithelium. The
cells were cultured with Dulbecco’s Modified Eagle Medium
(DMEM)-10% fetal bovine serum (FBS) (Invitrogen, Frederick,
MD, USA), and were incubated with 0, 10, 30, and 50 pg/mL of
poly I:C (Sigma, St. Louis, MO, USA) in the first experiment. In
second experiment, we treated the cells with 30 pg/mL poly I:C to
examine time course. We also treated the cells for 16 h with r(h)
IFN-B (ProSpec-Tany, Rehovot, Israel) at concentration of 1
ng/mL. In the experiments for RNA interference, BEAS-2B were
incubated for 24 in antibiotics-free culture medium. Then, using a
Lipofectamine RNAIMAX kit (Invitrogen), transfection was
performed using siRNAs (a control siRNA (QIGGEN, Hilden,
Germany), IFN-B siRNA (Invitrogen), or ISG56 siRNA
(QIAGEN). The cells were incubated for additional 48 h, followed
by addition of 30 pg/mL poly I:C to the medium. Subsequently,
the cells were incubated as indicated.

Reverse transcription—quantitative real-time
PCR (qRT-PCR)

Using the illustraRNA spin kit (GE healthcare, Buckinghamshire,
England), RNA was isolated from BEAS-2B. Single-stranded
c¢cDNA was transcribed from the RNA template. Oligo(dT)s
primer (FASMAC, Kanagawa, Japan) and MMLV reverse
transcriptase (Invitrogen) were used. The expression of IFITM1
and ISG56 was examined by qRT-PCR using Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA). As a control, we
used glyceraldehyde3-phosphate dehydrogenase (GAPDH). The
primers for the amplification of cDNAs were as follows:

IFN-induced transmembrane proteins (IFITMs) are ISGs
family proteins bound to the plasma membrane that have been
reported to inhibit infection of HCV,? influenza A virus,* dengue
virus, West Nile virus,” and HIV.® IFITM1 is one of the IFITM
proteins, which was shown to inhibit various types of viral
infections by preventing entry of viruses with cell membrane.’
ISG56, another member of ISG family, is an IFN-induced protein
with tetratricopeptide repeats.® ISG56 exerts various functions
against viral infection, including the regulation of gene expression
and translation, as well as cell migration, proliferation and death.®
In human bronchial epithelial cells, ISG56 expression is
stimulated by viral infections notably with human
metapneumovirus and
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IFITM1-F: 5'-TCGCCTACTCCGTGAAGTCTA-3',
IFITM1-R: 5'-TGTCACAGAGCCGAATACCAG-3',
GAPDH-F: 5-GCACCGTCAAGGCTGAGAAC-3',
GAPDH-R: 5'-ATGGTGGTGAAGACGCCAGT-3'".

and

Western blot analysis

IFITM1, ISG56, and actin protein expression was examined using
Western blotting as described.'* Shortly, after washing the cells
with PBS, BEAS-2B were lysed in Laemmli buffer. Lysates of
cells were applied to a 5% to 20% gradient PAGE. Proteins were
transferred onto a PVDF (Millipore, Darmstadt, Germany). The
membrane was treated with anti-IFITM1 (1:2000) (GeneTex,
Irvine, CA, USA), anti-ISG56 (1:3000) (GeneTex), or anti-actin
(1:3000) (Sigma). The bands for target proteins were visualized
using an anti-rabbit IgG antibody, HRP-labeled (MBL, Nagoya,
Japan) and a HRP substrate for chemiluminescence (Millipore).

Data analysis

The assays were done at least two times, and qRT-PCR was done
in triplicate. The data of qRT-PCR were shown as mean * standard
deviations (SD). For estimation of statistical differences,
Student’s #-test was used.

Results

IFITM1 is upregulated by poly I:C in human
BEAS-2B

In unstimulated human BEAS-2B, IFITM1 mRNA expression
level was low, whereas IFITM1 protein was not detected in the
condition we tested. Poly I:C treatment of BEAS-2B lead to the
increased expression of IFITM1 mRNA and protein. IFITM1
expression levels were dependent on concentration and time
(Figures 1 and 2). IFITM1 mRNA expression was gradually
upregulated after poly I:C treatment until 16 h, followed by partial
reduction at 24 h (Figure 2(a)). IFITM1 protein increase was
behind that of mRNA and increased up to 24 h (Figure 2(b)).

IFN-B and ISG56 contribute to inducing IFITM1
expression

In BEAS-2B cells, transfection with IFN-f siRNA decreased poly
I:C-mediated IFITM1 mRNA/protein upregulation (Figure 3(a)
and (b)). Furthermore, stimulating BEAS-2B with r(h)IFN-f3
increased their IFITM1 mRNA/protein level (Figure 3(c) and (d)).



2 Experimental Biology and Medicine Volume X Month XXXX

Transfection of the BEAS-2B with a specific ISG56 siRNA also
inhibited IFITM1 mRNA/protein expression increase (Figure 4(a)
and (b)). ISG56 protein expression was not found in unstimulated
BEAS-2B, and poly L:C treatment significantly upregulated
ISG56 protein expression as previously reported.'? Effective
knockdown of ISG56 protein upon siRNA transfection was further
confirmed in Western blot analysis (Figure 4(b)).

Discussion

We report here that TLR3 signaling leads to IFITM1 upregulation
in human BEAS-2B cells. This is the first report showing that
IFITM1 is upregulated by a TLR3 ligand in BEAS-2B bronchial
epithelial cells. The IFITM1 protein is primarily located on the
plasma membrane,'® where it prevents the entry of viruses into the
host cell cytoplasm by changing its plasma membrane
conformation. TLR3-mediated IFITM1 expression thus appears
crucial to prevent the initial step of viral infection within the
airway. [FITMI is also expressed by glomerular and cerebral
microvascular endothelial cells.!® Therefore, IFITMI may
function as an antiviral molecule across multiple organs.



Dobashi et al. TLR3 induces IFITM1 in BEAS-2B 3

a. qRT-PCR b. western blotting

12

10

IFITM1/GAPDH
(fold increase)
()]

i _} IFITM1

actin

0 10 30 50
7

Poly IC
E] (ng/mL)

[l
0 10 30 50

Poly IC
(ng/mlL)

Figure 1. Concentration-dependent IFITM1 upregulation in BEAS-2B treated with poly I:C. (a) Cultured BEAS-2B were incubated in the presence of poly I:C (0, 10,
30, and 50 pg/mL) for 16 h, and RNA extraction was performed. From the RNA extracted, cDNA was reverse-transcribed, and qRT-PCR analysis for IFITM1 as well
as GAPDH mRNA was performed. The results are expressed as mean + standard deviations (SD) (n = 3). (b) BEAS-2B were incubated in the presence of poly |.C
as above for 24 h, and the cell were lysed. The lysates were analyzed using Western blotting to measure IFITM1 and actin proteins.
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Figure 2. IFITM1 expression in BEAS-2B is increased with poly I:C treatment in a time-dependent fashion. BEAS-2B were incubated for up to 24 h with poly I1:C (30
pg/mL). (a) From the cells, RNA was isolated and used for qRT-PCR in order to measure IFITM1 and GAPDH mRNA. (b) After cell lysis, proteins of IFITM1 and actin
were analyzed using Western blot technique.
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Figure 3. IFN-B contributes to poly I:C-induced increase of IFITM1. (a, b) BEAS-2B cells, transfected with IFN-B-siRNA or non-silencing siRNA, were incubated for
48 h, followed by incubation in the medium containing 30 pg/mL poly I:C. (a) After 16 h incubation, RNA was extracted. Subsequently, qRT-PCR was conducted to
measure IFITM1 mRNA expression (n = 3; *p < 0.01 by t-test). (b) BEAS-2B cell lysates were obtained after 24 h, and Western blotting was used to estimate IFITM1
protein. (c, d) Effect of addition r(h)IFN-B (1 ng/mL, for 16 h) to the culture medium on IFITM1 level was examined by qRT-PCR (c) and Western blotting (d).
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Figure 4. ISG56 plays a role in poly |:C-mediated IFITM1 upregulation.
BEAS-2B cells were cultured, and transfection with ISG56 siRNA or control
siRNA was performed. After 48 h, BEAS-2B were incubated with poly I:C as in
Figure 3. Then, RNA and lysates were extracted from the cells. qRT-PCR (a) (n
=3; *p < 0.01 by t-test) and Western blotting (b) was used for analysis.

IFN-B, a major type I IFN, induces ISGs including IFITM1,
which in turn contributes to the defense against viral infection.! In
this study, IFN-B knockdown decreased poly I:C-induced IFITM1
upregulation. These results suggest that IFITM1 expression was
triggered by the TLR3/

IFN-p axis.

There are various antiviral mediators in the ISGs pathway,
which exert antiviral effects through their complex interactions.!’
In a prior research, Shiratori et al.'? showed that the TLR3/IFN-
B/ISG56/CXCL10 axis in BEAS-2B cells. Therefore, the
relationship between ISG56 and IFITM1 was investigated in this
study. We found that knockdown of ISG56 decreased poly I:C-

induced IFITMI1 upregulation, suggesting that ISG56 may
contribute to IFITM1 induction
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Figure 5. Speculated model of the expression and the significance of IFITM1 in
bronchial epithelial cells.

by poly L:C. ISG56 is a multifunctional protein that exerts its
activities in a complicated manner. However, molecular
mechanisms by which ISG56 regulates IFITM1 expression remain
unclear. In contrast, we found that knockdown of IFITM1 had no
effect on ISG56 and CXCL10 expression, suggesting that ISG56
functions upstream of IFITMI in the TLR3/IFN-
B/ISG56/CXCLI10 axis.

Our results together suggest a novel mechanism by which
antiviral innate immune reactions are regulated in bronchial
epithelial cells. Recently, Buchrieser et al.'® reported that IFITM1
inhibits the formation of syncytia in SARS-CoV-2infected cells.
This suggests that IFITM1 can restrict SARS-

CoV-2-induced lung damage. Therefore, the TLR3/IFN-f/
ISG56/IFITM1 axis in bronchial epithelial cells may importantly
prevent the development of SARS-CoV-2 infection.

There are some limitations to this study. First, our data were
obtained only from in vitro studies. To confirm our results, further,
experiments using genetically modified mouse models may be
useful. Second, we used BEAS-2B, not normal human bronchial
epithelial cells (NHBE). Nevertheless, BEAS-2B are widely
recognized as a good model of NHBE. Third, we used poly I:C,
which mimics instead of inducing viral infection. In our pilot study,
BEAS-2B were infected with a virus, but viability of the infected
cells was too low to establish the model. Fourth, this study is a
descriptive work, and we could not demonstrate any mechanistic
pathways by which ISG56 regulate IFITM1 expression in poly
I:C-treated BEAS-2B cells are still largely unclear. Fifth, the
mechanisms by which IFITM1 exerts its antiviral activity in
BEAS-2B cells have not been clarified. Further studies are
warranted to overcome these limitations.
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We reported that IFITM1 is induced in BEAS-2B by poly I:C.

TLR3, IFN-B, and ISG56 may contribute to poly I:Cmediated
IFITM1 upregulation. We speculate that IFITM1 induced via this
axis may play a part in mediating antiviral reactions among the
airway epithelium (Figure 5).
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