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A B S T R A C T

The synergistic infection of bovine respiratory syncytial virus (BRSV) and Pasteurella multocida (PM) may pre-
dispose cattle to develop severe pneumonia. Previously, we reported that BRSV infection significantly decreased
PM adherence to the upper respiratory epithelial cells. It may allow bacteria to invade into the lower respiratory
tract and lead to severe pneumonia. To investigate whether BRSV infection regulates the cell surface adherence
receptor on bovine trachea epithelial cells (bTECs), we performed proteomic and functional analyses. BRSV
infection decreased the expression of intercellular adhesion molecule-1 (ICAM1) on bTECs. Inhibition and
knockdown experiments using anti-ICAM1 antibody and siRNAs targeting ICAM1 indicated that PM adherence
to bTECs was dependent on ICAM1 expression. These data suggest that under normal conditions bTECs may
capture PM in the upper respiratory tract, while BRSV infection reverses this mechanism. The proposed gateway
function of bTECs is disrupted by BRSV infection that may facilitate bacterial invasion into the lower respiratory
tract and lead to secondary or more severe respiratory infection.

1. Introduction

Bovine respiratory syncytial virus (BRSV) is a one of the major viral
pathogens associated with bovine respiratory disease complex (BRDC)
that has a severe economic impact on the cattle industry worldwide
(Larsen et al., 2001; Härtel et al., 2004; Beaudeau et al., 2010; Timsit
et al., 2016). BRSV is an enveloped, non-segmented, negative-stranded
RNA virus and a member of the Orthopneumovirus genus within the
Pneumoviridae family (König et al., 2004). BRSV typically causes pri-
mary infection of the respiratory tract and can predispose cattle to
secondary infections by bacterial pathogens (Larsen et al., 2001;
Tjønehøj et al., 2003; Agnes et al., 2013).

The respiratory epithelial cells are the first line of defence and
function as a physical barrier to protect against invading pathogens
(Agnes et al., 2013; Eberle et al., 2016; Cozens et al., 2019), including
BRDC-causing pathogens (Liu et al., 2018; Johnston et al., 2019). Under

normal conditions, the upper respiratory tract epithelial cells are re-
sponsible for inhibiting microbial invasion by trapping pathogens to
adherence factors on the cellular surface (Masaki et al., 2011; Mata
et al., 2012). In humans, the respiratory epithelial cells utilize the in-
tercellular adhesion molecule-1 (ICAM1) molecule to capture Haemo-
philus influenzae (Novotny and Bakaletz, 2016). Respiratory viruses can
modulate the expression of epithelial cell adhesion molecules, such as
ICAM1, carcinoembryonic antigen-related cell adhesion molecule,
vascular cell adhesion molecules, platelet-activating factor receptor,
and fibronectin (Wang et al., 2000, 2009; Ishizuka et al., 2003; Golda
et al., 2011; Gulraiz et al., 2015; Othumpangat et al., 2016). These
studies suggest that respiratory viruses may play an important role in
preconditioning the cell surface receptors thereby facilitating bacterial
adherence to the adhesion molecules.

Previously, we demonstrated that the bacteria associated with
BRDC, Pasteurella multocida (PM), adhered significantly higher to the
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bovine trachea epithelial cells (bTECs) than to lower bovine epithelial
respiratory cells (BRECs), which are located in the bronchus (bovine
bronchus epithelial cells; bBECs) and lung (bovine lung epithelial cells;
bLECs) of the cow. The adherence of PM to the bTECs was markedly
decreased by BRSV infection, which was not observed with either
bBECs or bLECs. This suggests that BRSV infection may abolish the
barrier function of the upper respiratory tract, thereby providing a
“gateway” to bacterial pathogens (Sudaryatma et al., 2019). The ad-
hesion molecules involved in the bovine respiratory “gateway” and
their functions remain to be elucidated. In this study, we identified a
cell surface receptor on the BRECs that is regulated by BRSV infection.
We also investigated an interaction between this surface receptor and
PM adherence to the bTECs.

2. Materials and Methods

2.1. Culture of bovine respiratory epithelial cells

Bovine respiratory epithelial cells (BRECs) were collected from
freshly slaughtered adult Japanese black cattle (n = 3). BRECS were
isolated from the bovine trachea (bTECs), bronchus (bBECs), and lung
(bLECs) of the cattle, as described previously (Sudaryatma et al., 2019).
Briefly, the organs were sectioned, and BRECs were isolated by sus-
pension in isolation medium comprising Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 GlutaMAX (DMEM/F12; Thermo Fisher
Scientific, MA, US) supplemented with 15% heat-inactivated fetal bo-
vine serum (FBS; Biowest, France), 200 U/ml penicillin, 200 mg/ ml
streptomycin, 2.5 μg/ml amphotericin-B, 15 ng/ml epidermal growth
factor, 1% insulin-transferrin-selenium, 1 μg/ml hydrocortisone, 1%
non-essential amino acid, and 4 mM L-glutamine (all obtained from
Wako, Japan). Tissues from each animal were confirmed free from
BRDC-related viruses or bacteria by real-time PCR (Kishimoto et al.,
2017). The isolated BRECs were maintained and subcultured every 5–7
days using culture medium comprising DMEM/F12, 2% FBS, 100 U/ml
penicillin, 100 mg/ml streptomycin, 1 μg/ml amphotericin-B, 10 ng/ml
epidermal growth factor, 1% insulin-transferrin-selenium, 1% non-es-
sential amino acid, and 2 mM L-glutamine (Wako, Japan).

2.2. Virus and bacteria

The BRSV strain 2205027-1 and PM strain 2368 were used as de-
scribed previously (Sudaryatma et al., 2019). For infection, virus and/
or bacteria were diluted in antibiotic- and serum-free DMEM/F12 to
achieve an approximate multiplicity of infection (MOI). BRSV was in-
activated by treatment with ultraviolet light for 1 h (UV-inactivated
BRSV). The inactivation was confirmed by plaque assay for measuring
infectivity (Sudaryatma et al., 2018).

2.3. BRSV infection of BRECs

BRECs were infected with BRSV as described previously
(Sudaryatma et al., 2019). Briefly, respiratory epithelial cells from
different organ tissues (bTECs, bBECs, and bLECs) were seeded for 24 h
on a 12-well plate coated with collagen (Sumitomo Bakelite, Japan).
Cells were infected with live BRSV (MOI 0.1 or MOI 1) or UV-in-
activated BRSV. Cells were washed three times with phosphate buffered
saline (PBS), and incubated with culture medium. Cells were main-
tained for 3 days after infection.

2.4. Proteomic analysis of BRSV-infected BRECs

Cell lysates of BRSV-infected and uninfected BRECs were fixed in
methanol for proteomic analysis preparation. Liquid chromatography
analysis was performed using an Ultimate3000 RSLCnano (Thermo
Fisher Scientific, MA, USA) and a Q-Exactive (Thermo Fisher Scientific,
MA, USA). Proteins were classified as positively detected if peaks were

identified in 2 out of 3 treatment groups. Protein analysis was per-
formed using the Proteome Discoverer 2.2, and Venn diagrams were
designed using the Interactivenn software (www.interactivenn.net)
(Heberle et al., 2015). The differentially expressed proteins were de-
termined by a ratio< 0.67 with a t-test p-value cutoff<0.05.

2.5. Blockade of ICAM1 in BRECs with anti-ICAM1 antibody

The ICAM1 blocking assay was performed using 1, 5 or 25 μg/ml
mouse anti-ICAM1 antibody (ab2213; Abcam, Japan). An isotype con-
trol antibody (25 μg/ml) was used as control. Cells were seeded onto a
12-well plate for 3 days and then treated with a serial dilution series of
anti-ICAM1 antibody for 1 h at 37 °C. The cells were tested for PM
adherence.

2.6. Knockdown of ICAM1 in the BRECs with siRNA

Knockdown of bovine ICAM1 genes was performed by reverse-
transfection of BRECs with small interfering RNA (siRNA). Two pairs of
stealth RNAi designed to target the bovine ICAM1 gene were purchased
from Thermo Fisher Scientific (CA, USA). The paired sequences used
were ICAM1-A: 5’-UAGCUUCAAUGAACCUCACCGUAUA-3’ (sense) and
5’-UAUACGGUGAGGUUCAUUGAAGCUA-3’ (anti-sense), and ICAM1-B:
5’-CAAGGGCUGGAACUCUUCCAGAACA-3’ (sense) and 5’-UGUUCUGG
AAGAGUUCCAGCCCUUG-3’ (anti-sense). The cells were transfected
with a mixture of 30 pmol siRNA and 9 μl Lipofectamine RNAiMAX
Reagent (Thermo Fisher Scientific, UK) in Opti-MEM (Thermo Fisher
Scientific, UK). The Stealth RNAi Negative Control (Thermo Fisher
Scientific, CA, USA) was used as a non-targeting control in the experi-
ments. At 24 h post-transfection, the culture media were replaced with
fresh media, and cells were maintained for 3 days for further experi-
ments.

2.7. Adherence assay

All treatment groups (BRSV-infected (live or UV-inactivated), un-
infected control, antibody-treated, siRNA-treated, or untreated cells)
were exposed to PM (MOI 100) for 1 h. Dissociated cells was lysed, and
the number of adherent bacteria on the cells was quantified as colony
forming unit as previously described (Sudaryatma et al., 2019). For
fluorescence analysis, PM was labelled with FITC as described pre-
viously (Sudaryatma et al., 2018). Antibody-treated and siRNA-treated
cells were exposed to FITC-labelled PM for 1 h and observed using an
Olympus DP-74 (Olympus, Japan) confocal fluorescent microscope. The
nuclei of the cells were visualized with Hoechst-33342 stain (ab145597;
Abcam, Japan)).

2.8. Western blot analysis

The BRSV-infected or siRNA-treated cells seeded in a 6-well plate
were lysed with 300 μl lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH
7.6, 1% NP-40, protease inhibitor, and phosphatase inhibitor) and so-
nicated thrice for 10 secs. The protein concentrations of the samples
were determined using a bicinchoninic acid protein assay reagent kit
(TaKaRa Bio, Japan). Protein per sample (10 μg) was loaded into each
lane of a 4–15% SDS polyacrylamide gel (Bio-Rad Laboratories, CA,
USA), separated by electrophoresis, and then transferred to a PVDF
membrane (Bio-Rad Laboratories, CA, USA) using a Transblot semi-dry
system (Bio-Rad Laboratories, CA, USA). The membranes were blocked
overnight at 4 °C with blocking buffer (25 mM Tris, pH 8.0, 125 mM
NaCl, 0.1% Tween 20, and 3% bovine serum albumin). The membranes
were incubated with either mouse anti-ICAM1 (ab2213; Abcam, Japan)
or mouse anti-GAPDH (ab9482; Abcam, Japan) primary antibodies at
room temperature for 1 h. After vigorous washing, the membranes were
incubated with secondary goat anti-mouse IgG antibody conjugated
with horseradish peroxidase (ab205719; Abcam, Japan) at room
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temperature for 1 h. The chemiluminescent signals were detected using
the western blot hyper HRP substrate (TaKaRa Bio, Japan) and a
ChemiDoc Touch Imaging System (Bio-Rad Laboratories, CA, USA).

2.9. Quantification of mRNA ICAM-1 BRSV-infected BRECs

BRECs were infected with BRSV (MOI = 1). Cell lysates were col-
lected at 6, 12, and 24 h post- infection (hpi). Total RNA was extracted
from the cell lysates using a a RNeasy Mini Kit (Qiagen, Germany)
according to the manufacturer’s protocol. Quantitative RT-PCR (qRT-
PCR) was performed using a One Step TB Green PrimeScript plus RT-
PCR kit (TaKaRa Bio, Japan). The primer pairs to amplified ICAM1
mRNA was used ICAM1-F: 5’-ACCAATTTCTCTTGCCGCTG and ICAM1-
R: 5’-ACCGTGAGCCTACTTCCACA-3’. Data were normalized to ex-
pression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Amplification was performed on a LightCycler 96 system (Roche, CT,
USA). All experiments were performed in triplicate. Relative expression
of mRNA between infected samples and uninfected controls was cal-
culated using the 2−ΔΔCT method and expressed as a -fold change.

2.10. Statistical analysis

The data represent the mean and standard error (SEM) of at least
three independent experiments in triplicate from three different ani-
mals. Statistical analyses were performed using one-way analysis of
variance and Tukey’s Multiple Comparison Test. p-values< 0.05 were
considered statistically significant. Data analysis was performed using
RStudio, version 1.0.143.

3. Results

3.1. Proteomic analysis in BRECs infected with BRSV

Previously, we demonstrated that the PM adherence to bTECs (but
not to bBECs or bLECs) was significantly reduced by BRSV infection
(Sudaryatma et al., 2019). To identify downregulated protein expres-
sion induced by BRSV infection, proteomic analysis of BRECs was
performed. Proteomic analysis discovered protein changes to expres-
sion levels upon BRSV infection (bTECs: 2,523; bBECs: 2,727; and
bLECs: 2,636 differentially expressed proteins). Proteins with expres-
sion levels< 0.67-fold compared with uninfected control were classi-
fied as significantly downregulated (Fig. 1). Of these, only eighteen

proteins were significantly downregulated in BRSV-infected bTECs
(Supplemental Table 1). Gene ontology analysis revealed that the
candidate proteins was showed to be intercellular adhesion molecule-1
(ICAM1) were involved in the membrane and protein binding path-
ways, according to the cellular component and molecular function an-
notations, respectively. Downregulated ICAM1 was showed in bTECs
and bBECs infected with BRSV, but not in bLEC. Differentially ex-
pressed protein level of ICAM1 in BRSV-infected bTEC (0.118) was
significantly lower (p<0.05) than BRSV-infected bBEC (0.445).

3.2. BRSV-regulated ICAM1 expression in the upper respiratory tract

To confirm that BRSV infection reduced ICAM1 expression in the
BRECs, western blot analysis was performed. As expected, ICAM1 ex-
pression decreased following BRSV treatment in both bTECs and bBECs
compared with uninfected cells (Fig. 2A). This difference was only
statistically significant (p<0.05) in bTECs (Fig. 2B). This result was
supported by analysis of ICAM1 mRNA (Supplemental Fig. 1). A
downregulation of ICAM1 was not observed in BRSV-infected bLECs.
Interestingly, ICAM1 expression in uninfected bTECs was significantly
higher than that in uninfected bBECs and bLECs (Fig. 2A). ICAM1
downregulation in bTECs was virus-dependent and correlated with the
MOI used. This was based on the observation that cells infected with
low MOI or UV-inactivated virus exhibited relatively normal levels of
ICAM1 (Figs. 3A and 3B).

As BRSV infection had the greatest effect on bTEC expression of
ICAM1 (Fig. 2), this cell type was used for further experiments. The
bTECs, pre-infected with different MOIs of BRSV or UV-inactivated

Fig. 1. Venn diagram illustrating downregulated candidate proteins in BRSV-
infected cells. Proteomic analysis was performed comparing three different
epithelial cell types isolated from the bovine respiratory tract.

Fig. 2. Downregulation of ICAM1 in bTECs infected with BRSV. (A) Western
blot analysis of three different epithelial cell type samples infected with BRSV
(MOI 1) (+) or control (-) for 3 days. ICAMI expression was evaluated com-
pared with positive loading control (GAPDH). (B) Quantification of relative
ICAM1 expression was calculated by dividing the band density of ICAM1 by
that of the GAPDH loading control. The data represent n = 3; error bars: SEM;
*p<0.05.
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BRSV control, were exposed to PM. PM adherence to bTECs was sig-
nificantly decreased (p<0.05) in BRSV-infected cells compared with
uninfected cells (Fig. 3C). This decrease was virus-dependent because
minimal changes to PM adherence were observed in cells infected with
low MOI or UV-inactivated virus. These results suggest that decreased
PM adherence to BRSV-infected bTECs is correlated with a down-
regulation of ICAM1 expression.

3.3. PM adherence to upper respiratory cells is ICAM1 dependent

The aforementioned results suggest a link between ICAM1 expres-
sion and PM adherence to respiratory epithelial cells. To elucidate the
role of ICAM1 for PM adherence, bTECs were treated with an ICAM1-
specific antibody and exposed to PM. Antibody treatment was observed
to decrease PM adherence to bTECs in a dose-dependent manner
(Fig. 4A). Furthermore, fluorescence microscopy analysis demonstrated
that ICAM1 inhibition reduced the signal intensity of FITC-labelled PM
in bTECs (Fig. 4B).

We further performed ICAM1 knockdown experiments in bTECs to
examine a link between ICAM1 expression and PM adherence. The
bTECs were transfected with two pairs of siRNAs (siICAM-A and
siICAM-B) targeting the bovine ICAM1 gene. Significantly low levels
(p<0.05) of ICAM1 were observed in siRNA-treated cells compared
with untreated cells (Figs. 5A and 5B). Consistent with the ICAM1 in-
hibition experiment, a significant decrease in PM adherence to bTECs
was observed by ICAM1 siRNA knockdown (p<0.05) (Fig. 5C). To-
gether, these results support the hypothesis that PM adherence to bTECs
is ICAM1-dependent.

4. Discussion

This study provides evidence that the cell surface receptor ICAM1
may play a role in PM adherence to the epithelium of the bovine upper
respiratory tract. Infection with BRSV was shown to decrease ICAM1
expression on bTECs, but not on bBECs and bLECs, of the lower re-
spiratory tract. Further, BRSV infection caused a reduced adherence of
PM to bTECs. Together, these results suggest that downregulation of
ICAM1, induced by BRSV infection, leads to dysfunctional adherence of

PM to the upper respiratory tract. This then facilitates PM invasion into
the lower respiratory tract that, in turn, can trigger pneumonia in cattle.

The tissue tropic effects of BRSV infection (e.g., virus replication,
PM adherence, cytokine induction, and innate immune activity) are
known to differ between the upper and lower respiratory epithelial cells
(Masaki et al., 2011; Gulraiz et al., 2015; Sudaryatma et al., 2019). In
this study, proteomic analysis revealed a bTEC-specific downregulation
of ICAM1 by BRSV infection compared with infected BRECs (Figs. 1 and
2). ICAM1 downregulation by BRSV infection was not observed in ei-
ther the bBECs or bLECs. Our quantitative RT-PCR analysis demon-
strated that BRSV infection decreased the level of ICAM1 mRNA in
bTECs, suggesting that BRSV infection blocked the step of transcription
of mRNA. ICAM1 is expressed on a variety of cells including epithelial
cells, endothelial cells, fibroblasts, and leukocytes (Avadhanula et al.,
2006; Gulraiz et al., 2015). Human adenovirus, parainfluenza virus-3
and respiratory syncytial virus (HRSV) modulate ICAM1 in epithelial
cells (Avadhanula et al., 2006; Novotny and Bakaletz, 2016). Interest-
ingly, other human respiratory viruses, such as rhinovirus, coronavirus,
metapneumovirus, and influenza virus, are reported also to regulate
cellular surface receptors including carcinoembryonic antigen-related
cell adhesion molecules-1 and platelet-activating factor, which are as-
sociated with bacterial adherence (Staphylococcus aureus, Streptococcus
pneumoniae, and H. influenza) (Ishizuka et al., 2003; Golda et al., 2011;
Iverson et al., 2011; Lai et al., 2016). From this point of view, it would
be tempting to test whether other bovine viruses can show such effect in
bTECs in the future study. In case of HRSV infection, viral NS1 and NS2
proteins decreased the expression of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) (Liu et al., 2013), a host factor
modulating ICAM1 expression (Othumpangat et al., 2016). It would be
intriguing to test whether NS1 and NS2 proteins of BRSV have similar
activity on NF-κB in the future study. Previously, it was reported that
ICAM1 facilitates adherence of H. influenza to human respiratory epi-
thelial cells (Avadhanula et al., 2006; Novotny and Bakaletz, 2016).
Mycobacterium tuberculosis binds to ICAM1 receptors with M5 ligands,
allowing it to invade THP-1 cells (Bhalla et al., 2015). To the best of our
knowledge, this study is the first report examining the interaction be-
tween respiratory viruses, cell surface receptors, and bacterial ad-
herence to the bovine respiratory tract.

Fig. 3. Pasteurella multocida (PM) adherence to BRSV-infected
bTECs is dependent on ICAM1 expression. (A) ICAM1 expression
in bTECs infected with increasing MOIs of live BRSV was eval-
uated by western blot. UV-inactivated virus served as a negative
control. No-treatment control denoted by (-). (B) Quantification of
relative ICAM1 expression level was calculated by dividing the
band density of ICAM1 by that of the GAPDH loading control. The
data represent n = 3; error bars: SEM. (C) PM adherence to bTECs
infected with increasing MOIs of BRSV (+) was evaluated by
counting PM-positive colonies. The data represent n = 3; error
bars: SEM; *p<0.05.
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In our previous study examining bovine semi-primary respiratory
epithelial cells, the adherence of PM to bTECs was significantly higher
than that to bBECs and bLECs under normal conditions. PM adherence
to bTECs, but not to bBECs and bLECs, was significantly decreased by
BRSV infection (Sudaryatma et al., 2019). The present study demon-
strated that the normal ICAM1 expression level was significantly higher
in uninfected bTECs than in uninfected bBECs and bLECs (Fig. 2A).
Furthermore, ICAM1 knockdown by anti-ICAM1 antibody treatment or
ICAM1 siRNAs resulted in decreased PM adherence to bTECs (Figs. 4
and 5). These results indicate that ICAM1 may be required to capture
PM on the surface of bTECs in the upper respiratory tract of cattle.

Therefore, we speculate that under normal conditions, bTECs may
prevent bacterial infiltration into the lower respiratory tract by main-
taining the function of ICAM1. BRSV infection might destroy this
“gateway” function of the bTECs by downregulating ICAM1 expression.

In conclusion, this study demonstrated that PM adherence was
regulated by the ICAM1 adhesion molecule on the surface of bTECs.
BRSV infection diminished ICAM1 expression and decreased the PM
adherence to bTECs. We propose that BRSV infection causes ICAM1
dysfunction in the upper respiratory tract, which may permit invasion
of bacteria into the lower respiratory tract. This synergistic vir-
al–bacterial interaction in the respiratory tract may increase the risk of

pneumonia in the BRDC of cattle.
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Fig. 4. Specific inhibition of ICAM1 decreased Pasteurella multocida (PM) adherence to bTECs. (A) Bar graph representing bTEC treatment with increasing con-
centrations of anti-ICAM1 antibody and incubation with PM. The degree of PM adherence to the cells was evaluated by counting PM-positive colonies. The data
represent n = 3; error bars: SEM; *p<0.05. (B) FITC-labeled PM (green) adherence to the antibody-treated cells was observed with a fluorescence microscope. An
isotype control antibody was used as control. The nuclei were stained with Hoechst-33342 (blue) (scale bar: 30 μm).
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