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Primary cultures of human tracheal epithelial cells may demon-
strate the real pathogenic influence of influenza viral infection on
the damage, viral replication and inflammatory cytokine produc-
tionin the airways because human tracheal epithelial cells cultured
using the method that we reported previously (Yamayaetal., 1992)
retain the functions of the original tissue. In the present study, we
infected primary cultures of human tracheal epithelial cells with
four strains of influenza virus and measured the magnitude of viral
replication, cell damage and cytokine production. We also exam-
ined the relationships and mechanisms among viral replication,
. cell damage and cytokine production in the infection with the pan-
demic influenza virus [A/Sendai-H/N0633/2009 (H1N1) pdm09].

2. Materials and methods
2.1. Human tracheal epithelial cell culture

The isolation and culture of the human tracheal surface
epithelial cells were performed as described previously (Yamaya
et al, 2010) in a mixture of Dulbecco’s modified Eagle’s medium
(DMEM)-Ham’s F-12 (DF-12) medium containing 2% Ultroser G
(USG) serum substitute. The tracheas used for the cell cultures were
obtained from 23 patients after death (age, 72 +11yr; 10 female
and 13 male). This study was approved by the Tohoku University
Ethics Committee.

2.2. Culture of Madin Darby Canine Kidney cells

Madin Darby Canine Kidney (MDCK) cells were cultured in Tos
flasks in Eagle’s minimum essential medium (MEM) containing 10%
fetal calf serum (Numazaki et al., 1987; Yamaya et al., 2010). The
cells were then plated in 96-well plates and cultured.

2.3. Viral stocks

Stocks of influenza viruses were generated by infecting human
tracheal epithelial cells with four strains of influenza virus as fol-
lows: the pandemic A/H1 2009 virus [A/H1N1 pdm 2009, A/Sendai-
H/N0633/2009 (H1N1) pdmO09] and three strains of the human
influenza virus [A/HIN1 Sendai, A/Sendai-H/108/2009/(H1N1);
A/H3N2 New York, A/H3N2/New York/55/2004; A/H3N2 Aichi,
A/Aichi/2/68 (H3N2)] (Yamaya et al., 2010). The cells were cultured
in24-well plates in 0.9 ml of DF-12 medium and 100 .l of MEM con-
taining virus for 1 h. The culture supernatants containing virus were
then removed, and the cells were cultured in DF-12 medium con-
taining 2% USG at 37 C in 5% C0,-95% air. To obtain the influenza
virus solution, the supernatants were collected.

To prepare the A/HIN1 pdm 2009 virus and the A/H1INI
Sendai virus, which was isolated during the 2008-2009 season,
nasal swabs were collected from patients and suspended in MEM
medium (Numazaki et al., 1987). The A/H3N2 New York virus and
the A/H3N2 Aichi virus, which were passaged 5-7 times in MDCK
cells, were also used for the generation of viral stocks.

2.4. Detection and titration of viruses

The detection and titration of influenza viruses in the culture
supernatant were performed using the endpoint method (Condit,
2006) by infecting replicate MDCK cells in plastic 96-well plates
with 10-fold dilutions of virus-containing supernatants, as previ-
ously described (Yamaya et al., 2010). The presence of the typical
cytopathic effects of the influenza virus was then examined. The
TCIDsg (TCID, tissue culture infective dose) was calculated using
previously described methods (Condit, 2006), and the viral titers in

the supernatants were expressed as TCIDsg units/ml (Yamaya et al.,
2010).

2.5. Viral infection of the cells

The infection of human tracheal epithelial cells with influenza
was performed using previously described methods (Yamaya et al.,
2010). A stock solution of influenza virus was added to the cells
in 24-well plates (400 .l in each well, 1.0 x 10% TCIDso units/ml,
0.8 x 103 TCIDs units/cell of the multiplicity of infection). After a
1-hincubation period, the viral solution was removed, and the cells
were cultured in 1 ml of fresh medium at 37 °C in 5% C0,-95% air.

2.6. Collection of the supernatants

The supernatant (300 wl) was collected 1 day (24h) and 3
days (72 h) after infection, and the same volume (300 pl) of fresh
medium was added. The entire supernatant volume (1 ml) was
collected 5 days (120h) after infection. Furthermore, when the
influenza virus titers 7 days (168 h) after infection were measured,
the supernatant (300 1) was collected 1 day (24 h), 3 days (72h)
and 5 days (120 h) after infection, and the same volume (300 ul)
of fresh medium was added. The entire supernatant volume (1 ml)
was collected 7 days (168 h) after infection.

2.7. Measurement of airway epithelial cell damage

To examine the tracheal epithelial cell damage after influenza
infection, the number of floating cells in the supernatants, which
were detached from the cell sheets adhered on the culture ves-
sels of 24-well plates, and the number and viability of the adhered
cells were measured by trypan blue exclusion. Lactate dehydroge-
nase (LDH) concentrations in the supernatants were also measured.
These parameters demonstrate apoptosis and necrosis (Catalani
et al., 2013; Cechetti et al., 2007; Yan et al., 2013).

2.8. Quantification of influenza virus RNA

Viral RNA in the cells was measured to confirm differences in the
magnitude of viral replication among the species. A two-step real-
time quantitative reverse transcription (RT)-PCR was performed
using the TagMan® Gene Expression Master Mix (Applied Biosys-
tems, Bedford, CA, USA) as described previously (Yamaya et al.,
2010). The primers and TagMan probe for the viruses were designed
as previously reported (Lorusso et al., 2010; Yamaya et al., 2010).
The expression of viral RNA was normalized to the constitutive
expression of B-actin mRNA (Suzuki et al., 2002).

2.9. NF-kappa B assay

The presence of p50 and p65 subunits in the nuclear extracts was
assayed using a TransFactor Family Colorimetric Kit-NF-kB (BD Bio-
science/CLONTECH) as previously described (Yamaya et al., 2011).

2.10. Measurement of cytokine production

We measured IL-6, TNF-o and IFN-y levels in the supernatants.
The measurement of IL-6 and INF-y was performed using specific
enzyme-linked immunosorbent assays (ELISA), and the measure-
ment of TNF-a was performed using chemiluminescent enzyme
immunoassay.

2.11. Statistical analysis

The results are expressed as the mean+SEM. The statisti-
cal analysis was performed using a two-way repeated measures
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analysis of variance (ANOVA). Subsequent post-hoc analyses were
performed using Bonferroni’s method. For all of the analyses, val-
ues of p<0.05 were assumed to be significant. In the experiments
using human tracheal epithelial cell cultures, n refers to the num-
ber of donors (tracheae) from which the cultured epithelial cells
were obtained.

3. Results
3.1. Influenza virus release from airway epithelial cells

All four influenza virus strains that were tested, including the
pandemic A/H1N1 2009 virus (A/H1N1 pdm 2009) and three strains
of type A seasonal human influenza virus (A/H1N1 Sendai, A/H3N2
New York and A/H3N2 Aichi), were detected in the supernatants at
24 h, and the viral titers increased progressively between 24 h and
3 days after infection (Fig. 1A). The influenza virus titers of the four
strains in the supernatants increased with time during the 3 days of
observation (p <0.05 in each case by ANOVA), and consistent viral
titers were observed for 5 days after infection (Fig. 1A). Further-
more, consistent titers of the four strains of type A influenza virus
were observed between day 5 and day 7. By contrast, the influenza
viral titers of the four strains in the supernatants started to decline
on day 7 after infection (p <0.05). The influenza viral titers of the
four strains 7 days after infection were as follows (mean + SEM,
n=5): 5.6 +04 for the A/HIN1 pdm 2009 virus, 5.2 +0.4 for the
A/H1N1 Sendai virus, 3.1 £ 0.3 for the A/H3N2 New York virus and
1.2 4 0.3 for the A/H3N2 Aichi virus.

The viral titers of the A/HIN1 pdm 2009 virus and the A/HIN1
Sendai virus were higher than the titers of the A/H3N2 New York
virus and the A/H3N2 Aichi virus (Fig. 1A and B). Furthermore, the
titers of the A/H3N2 New York virus were higher than those of the
AJ/H3N2 Aichi virus (Fig. 1A and B).

3.2. The number of detached cells after influenza viral infection

The number of detached cells in the supernatants 5 days after
the sham infection with the DF-12 medium containing 2% USG
was 0.8 +0.1 x 10* (/well of 24-well plates, n=4). The number of
detached cells 5 days after the infection with four strains of virus
was higher than the number of detached cells after the sham infec-
tion (Fig. 1C).

The number of detached cells after infection with the A/H1N1
pdm 2009 virus and the A/HIN1 Sendai virus was higher than
the number after infection with the A/H3N2 New York virus and
the A/H3N2 Aichi virus (Fig. 1C). Furthermore, the number of
detached cells after infection with the A/H3N2 New York virus was
higher than the number after infection with the A/H3N2 Aichi virus
(Fig. 1C).

3.3. LDH release after influenza viral infection

The concentration of LDH in the supernatants 5 days after the
sham infection was 34 + 3 units/l (n=4). The concentration of LDH
5 days after the infection with four strains of virus was higher than
the concentration of LDH after the sham infection (Fig. 1D).
~ The concentration of LDH after the infection with the A/HIN1

pdm 2009 virus and the A/HIN1 Sendai virus were higher than
the concentration of LDH after infection with the A/H3N2 New
York virus and the A/H3N2 Aichi virus (Fig. 1D). The LDH lev-
els after infection with the A/H3N2 New York virus were higher
than the LDH levels after infection with the A/H3N2 Aichi virus
(Fig. 1D).

3.4. Cytokine production after influenza viral infection

A significant amount of IL-6 in the supernatants was detected
before viral infection (211 &+ 13 pg/ml, n=4) and 5 days after sham
infection (Fig. 1E). The IL-6 levels increased after infection with the
four strains of influenza virus (Fig. 1E). Maximum IL-6 levels were
observed 5 days after infection with the four strains of influenza
virus (data at 1 day, 3 days and 7 days not shown).

The IL-6 levels after infection with the A/HIN1 pdm 2009 virus
and the A/H1N1 Sendai virus were higher than the IL-6 levels after
infection with the A/H3N2 New York virus and the A/H3N2 Aichi
virus (Fig. 1E). Furthermore, the IL-6 levels after infection with the
A/H3N2 New York virus were higher than the levels after infection
with the A/H3N2 Aichi virus (Fig. 1E).

In contrast, the concentration of TNF-a in the supernatants
before infection was below the limits of detection (<0.55 pg/ml).

'TNF-a levels increased after infection with the four strains of virus,

and significant amounts of TNF-a were detected after viral infec-
tion. TNF-a levels increased after infection with the four strains of
virus as follows: 20 +2 pg/ml(n=4)in the A/HIN1 pdm 2009 virus,
23 +2pg/ml(n=4)inthe A/HIN1 Sendai virus, 1142 pg/ml (n=4)
inthe A/H3N2 New York virusand 3 + 1 pg/ml(n=4)in the A/H3N2
Aichi virus. TNF-a levels after infection with the A/HIN1 pdm 2009
virus and the A/H1N1 Sendai virus were higher than the levels after
infection with the A/H3N2 New York virus and the A/H3N2 Aichi
virus (p<0.05). The TNF-a levels after infection with the A/H3N2
New York virus were higher than the levels after infection with the
A/H3N2 Aichi virus (p<0.05).

The concentration of IFN-Y', measured using ELISA method, was
below the limits of detection (<0.69 pg/ml).

3.5. NF-«B activation after influenza viral infection

A significant amount of the NF-kB p50 and p65 subunits was
detected in the nuclear extracts from the vehicle-treated cells with-
out influenza viral infection (Fig. 2). Infection with four strains of
the influenza virus increased the amounts of the p50 and p65 sub-
units 5 days after infection (Fig. 2).

Significant differences in the amounts of NF-kB p50 in nuclear
extracts were not observed among the cells infected with the four
strains of influenza virus (Fig. 2A).

In contrast, the amounts of NF-kB p65 after infection with
the A/HIN1 pdm 2009 virus and the A/H1N1 Sendai virus were
higher than the amounts in the cells infected with the A/H3N2 New
York virus and the A/H3N2 Aichi virus (Fig. 2B). Furthermore, the
amounts of NF-kB p65 after infection with the A/H3N2 New York
virus were higher than the amounts after infection with the A/H3N2
Aichi virus (Fig. 2B).

3.6. Effects of NF-kappa B inhibitor, anti-IL-6 antibody and
caspase-3 inhibitor

We also studied the roles of NF-kB, IL-6 and caspase-3 on
A/H1IN1 pdm 2009 viral infection-induced cell damage and viral
replication. The cells were treated with either an NF-«B inhibitor,
caffeic acid phenethyl ester (CAPE, Calbiochem, La Jolla, CA, USA;
1 M) (Natajaranetal., 1996),a monoclonal anti-IL-6 receptor anti-
body (R &D Systems Inc, MN, USA, 1.0 pg/ml) (Hsu et al., 2011),ora
caspse-3 inhibitor, benzyloxycarbonyl-DEVD-fluoromethyl ketone
(Z-DEVD-fmk) (Bio Vision, 1wM) (Nicholson et al, 1995) from
30 min prior to viral infection until the measurement of the func-
tions after infection.

The A/HIN1 pdm 2009 viral infection increased the number of
detached cells in the supernatants (Fig. 3A and B), increased the
number of dead cells in the attached cells and reduced the viability
of the attached cells (Fig. 3C and D), although the viability changes
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Fig. 1. (A) The time course of viral release into the supernatants of primary cultures of human tracheal epithelial cells obtained at different times after exposure to A/HIN1
pdm 2009 (open circles), A/HIN1 Sendai (closed circles), AfH3N2 New York (open triangles) and A/H3N2 Aichi (closed triangles) influenza viruses. Changes in the virus
concentration in the supernatants are expressed as TCIDsp units/ml/24 h. The results are expressed as the mean 4 SEM from four different tracheae. (B) Viral titers in the
supernatants 5 days after exposure to the A/HIN1 pdm 2009, A/HIN1 Sendai, A/H3N2 New York and A/H3N2 Aichi viruses. Changes in the virus concentration in the
supernatants are expressed as TCIDsp units/ml/24 h. The results are expresses as the mean = SEM from four different tracheae. Significant differences from infection with
the A/HINT pdm 2009 virus and the AJHIN1 Sendai virus are indicated by * p<0.05 and ™ p<0.01. Significant differences from infection with the A/H3N2 New York virus
are indicated by * p<0.05. (C)-(E): The number of detached cells (C), concentration of LDH (D) and IL-6 (E) in the supernatants 5 days after exposure to the A/HIN1 pdm
2009, A/H1N1 Sendai, A/H3N2 New York and A/H3N2 Aichi viruses. The results are expressed as the mean +SEM from four different tracheae. Significant differences from
the sham infection (Vehicle) are indicated by * p<0.05 and ™ p <0.01. Significant differences from infections with the A/HIN1 pdm 2008 virus and the A/HIN1 Sendai virus
are indicated by * p<0.05 and ** p<0.01. Significant differences from infection with the A/H3N2 New York virus are indicated by * p<0.05.
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Fig. 2. (A) and (B) Amount of p50 (A) and p65 (B) in the nuclear extracts of cells 5 days after exposure to the A/HIN1 pdm 2009, A/HIN1 Sendai, A/H3N2 New York and
A/H3N2 Aichi viruses. The results are expressed as the optical density (OD) and are the means + SEM from four tracheae. Significant differences from the sham infection
(Vehicle) are indicated by " p<0.05 and “* p <0.01. Significant differences from infections with the A/H1N1 pdm 2009 virus and the A/H1N1 Sendai virus are indicated by *
p <0.05. Significant differences from infection with the A/H3N2 New York virus are indicated by * p<0.05.

were small. The virus infection also increased the LDH concentra-
tion in the supernatants (Fig. 3E). Treatment with CAPE reduced
the number of detached cells (Fig. 3A and B), reduced the number
of dead cells, increased the viability of the cells and reduced the
concentration of LDH (Fig. 3C-E) after the viral infection.

Treatment with CAPE also slightly, but significantly, reduced the
A/H1N1 pdm 2009 viral titers in the supernatants and the viral
RNA in the cells compared with the viral titers and viral RNA in
the vehicle-treated cells (0.005% ethanol) (Fig. 3F and G).

Treatment with a monoclonal anti-IL-6 receptor antibody
reduced the number of detached cells (Fig. 3A and B), reduced the
number of dead cells, increased the viability of the cells and reduced
the concentration of LDH (Fig. 3C-E) after the viral infection. Simi-
larly, amonoclonal anti-IL-6 receptor antibody reduced the A/H1N1
pdm 2009 viral titers and viral RNA compared with the viral titers
and viral RNA in the vehicle-treated cells (Fig. 3F and G).

Treatment with Z-DEVD-fmk (1 wM) reduced the number of
detached cells and viral titers in the supernatants, but did not
affect the concentration of LDH (Table 1) after the viral infection.
In contrast, treatment with 10 wM Z-DEVD-fmk (Wen et al., 2010)
induced cell damage in the absence of viral infection.

4. Discussion

We demonstrated that infection with four strains of type A
influenza virus increased the detached cell number and the LDH
levels in the supernatants of primary cultures of human tracheal
epithelial cells. The detached cell number and the LDH levels were
related to the viral titers, IL-6 levels and NF-kB p65 activation.
Treatment with an NF-«B inhibitor (CAPE) (Natajaran et al., 1996)
and an anti-1L-6 antibody reduced the detached cell number, dead

Table 1
Effects of a caspase-3 inhibitor on the viral titers and the cell damage after influenza

virus infection.

A/HIN1 pdm
2009 +vehicle

A/HIN1 pdm
2009 +Z-DEVD-fmk

Viral titer (TCIDsg units/mi/24h) 6.5%0.3 56+02
Detached cell number (x10%) 10.3+0.8 55409
LDH (units/l) 188+10 194=6

The results are expressed as the mean = SEM from three different tracheae. Human
tracheal epithelial cells were treated with a caspse-3 inhibitor Z-DEVD-fmk (1 uM)
or vehicle (0.5% DMSO, dimethyl sulfoxide). Significant differences from the viral
infection alone (A/HIN1 pdm 2009 +vehicle) are indicated by = p<0.05.

cell number (in the attached cell sheets), LDH levels, viral titers
and viral RNA, and improved the viability of the adhered cell sheets
after the pandemic influenza virus infection. These findings suggest
that influenza viral infection-induced cell damage may be partly
associated with the magnitude of viral replication and subsequent
NF-kB-p65-mediated IL-6 production.

IL-6 is associated with the pathogenesis of emphysematous
changes through lung apoptosis in mice (Ruwanpura et al., 2011).
IL-6 and TNF-« are also associated with cell death and the acti-
vation of caspases in swine macrophages after pandemic A/H1N1
viral infection (CGao et al., 2012). In contrast, in the present study,
the IL-6 levels (>1 ng/ml) were much higher than the TNF-« lev-
els (<0.03 ng/ml). A monoclonal anti-IL-6 receptor antibody and
a NF-kB inhibitor (CAPE) partly reduced the detached cell num-
ber, dead cell number (of the adhered cell sheets) and LDH levels,
and improved the viability of the adhered cell sheets. The concen-
tration of IFN-y was below the limits of detection. These findings
suggest that IL-6 might be partly associated with cell damage after
an influenza viral infection. However, the roles of other factors and
mediators that are produced influenza viral infection, including IL-
13, IL-8 (Yamaya et al.,, 2010) and reactive oxygen species (Kim
et al., 2013), remains to be examined; however, conflicting effects
of IL-1f on apoptosis (Coulter et al., 2002; Lu et al., 2014) and the
anti-apoptotic effects of IL-8 (Gyanchandani et al., 2013) have been
demonstrated.

The NS1 protein coded in the non-structural (NS) gene-segment
acts toinhibit the host interferon response, leads to the high expres-
sion of TNF-a and enhances the virulence of the H5N1 virus (Cheung
et al,, 2002; Garcia-Sastre et al., 1998). By contrast, the NS1 protein
of the A/[H1N1 2009 virus differs from the protein of HSN1 with high
virulence (Shelton et al,, 2012). These characteristics are consistent
with a report stating that the virulence of the pandemic influenza
virus was not extremely high compared with the virulence of sea-
sonal influenza viruses (Presanis et al., 2009) and that the virulence
may be associated with similar cytotoxic effects of the A/HIN1 pdm
2009 and A/H1N1 Sendai viruses, as observed in the present study.

The reasons why an anti-IL-6 receptor antibody and CAPE
reduced viral release and viral RNA replication are uncertain. How-
ever, IL-6 activates caspases (Cai et al.,, 2012) that enhance the
release of viral ribonucleoprotein complexes from the nucleus
(Wurzer et al., 2003). A caspase-3 inhibitor Z-DEVD-fmk reduced
the A/HIN1 pdm 2009 viral titers in the supernatants in the present
study. Acetylsalicylic acid also blocks influenza viral propagation
via its NF-kB-inhibiting activity (Mazur et al., 2007). The IL-6
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Fig. 3. (A) Phase contrast photographs of the primary cultures of human tracheal epithelial cells 5 days after infection with the AJH1N1 pdm 20089 virus and the vehicle
(Control) in the presence of CAPE (A/HIN1 pdm 2009+ CAPE), a monoclonal anti-IL-6 receptor antibody (A/HIN1 pdm 2009 +a-IL-6R antibody) or vehicle (A/HIN1 pdm
2009). The surfaces of the confluent adhered cell sheets were covered with many detached floating cells from the sheets that were infected with the pandemic influenza virus
(A/HIN1 pdm 2009). Treatment with CAPE and a monoclonal anti-IL-6 receptor antibody reduced the number of floating cells. Bar=25 pm. (B)-(E): The number of detached
cells (B), the number of dead cells and viability of adhered cell sheets ((C) and (D)), and the concentration of LDH (E) in the supernatants 5 days after exposure to the A/HIN1
pdm 2009 virus in the presence of CAPE (1 uM, A/HIN1 pdm 2009 + CAPE), an anti-IL-6 receptor antibody (1 wg/ml, A/HIN1 pdm 2009 +a-IL-6R) or the vehicle (A/HIN1 pdm
2009) or after the sham infection (Vehicle). The results are expressed as the mean +SEM from four different tracheae. Significant differences from the sham infection are
indicated by * p<0.05 and * p <0.01. Significant differences from the viral infection alone are indicated by * p<0.05. (F) and (G): Viral titers (F) in the supernatants and viral
RNA (G) in the cells 5 days after exposure to the A/HIN1 pdm 2009 virus in the presence of CAPE (1 wM, A/HIN1 pdm 2009 + CAPE) or anti-IL-6 receptor antibody (1 pg/ml,
A[HIN1 pdm 2009 +a-1L-6R) or exposure to the vehicle. Changes in the viral titers in the supernatants are expressed as TCIDso units/mi/24 h. Viral RNA is expressed as the
relative amount of RNA expression (%) compared with that of maximum viral RNA at day 5 in cells treated with the vehicle (A{H1N1 pdmi 2009). The expression of viral RNA
was normalized to the constitutive expression of 3-actin mRNA. The results are expressed as the mean =+ SEM from four different tracheae. Significant differences from the
viral infection alone are indicated by " p<0.05 and * p<0.01.
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production may have enhanced influenza viral replication through
NF-kB activation in the present study.

Infection with all of the four species of influenza virus activated
both the NF-kB p50 and p65 subunits. Furthermore, the magni-
tude of p65 activation was associated with the magnitude of viral
release, IL-6 production and the cell damage; however precise rea-
sons are still uncertain regarding why only the p65 activation was
associated with the magnitude of these factors. NF-«kB increases the
expression of genes for various pro-inflammatory cytokines (Zhu
et al.,, 1996), and the production of interleukins is also associated
with NF-kB p65 activation (Antal et al., 1996; More et al., 2013).

Influenza viral infection induces apoptosis through intrinsic and
extrinsic pathways (Gao et al.,2013). The intrinsic pathway is medi-
ated by members of the B-cell CLL/lymphoma 2 (Bcl-2) family and
an apoptotic gene (Takizawa et al., 1993), and the extrinsic path-
way is triggered by TNF family members (Gao et al., 2013). IL-6
is also associated with cell death and the activation of caspases
in swine macrophages after pandemic A/H1NT1 viral infection (Gao
et al,, 2012). In contrast, the induction of apoptosis of leukemia
cells by suppressing NF-kB p65 has been reported (Ortiz-Lazareno
et al,, 2014). Partial inhibitory effects of the caspase-3 inhibitor on
the cell detachment after virus infection, which were observed in
the present study, may suggest the roles of caspase-3 activation
induced by NF-kB-mediated-IL-6 production in the influenza viral
infection-induced cell damage. However, we did not examine the
effects of influenza virus infection on the activation of Bcl-2 family
and apoptotic genes (Gao et al., 2013; Takizawa et al., 1993) in the
present study. Further studies remain to clarify the mechanisms of
cell damage after influenza virus infection.

The reason why the magnitude of virus replication was different
among the four strains of virus is uncertain. However, virus stocks
of the A/HIN1 pdm 2009 virus and the A/H1N1 Sendai virus were
generated by infecting human tracheal epithelial cells with nasal
swabs. In contrast, we generated virus stocks of the A/H3N2 New
York virus and the A/H3N2 Aichi virus by infecting human tracheal
epithelial cells with the viruses that had been passaged in MDCK
cells. The serial passage of viruses in MDCK cells has been reported
to reduce the potency of viral replication (Seladi-Schulman et al.,
2013). The passage of viruses may influence the capability of virus
replication.

In the present study, the titers of the four strains of type
A influenza virus were detected for a prolonged duration of 7
days, which exceeds the duration reported by Boivin et al. (2000),
who reported that significant viral titers in throat swabs were
not detected 5 days (120 h) after the initiation of treatment with
placebo. Although the reasons remain unclear, the absence of inter-
feron in the supernatants, as demonstrated in the present study,
might be partly associated with the long period of viral release from
the cells in this study.

The dead cell number of attached cell sheets and the detached
cell number and the LDH levels in the supernatants markedly
increased after infection with A/H1IN1 pdm 2009 virus in the
present study. However, the viability measured by trypan blue
exclusion was little affected. These results are consistent with those
of Stark et al. (1991), who reported that LDH release is a more sen-
sitive indicator of cell damage than trypan blue exclusion in human
tracheal epithelial cells infected with parainfluenza viruses. These
findings suggest that different assays may have different sensitiv-
ities for the detection of cell viability and cell damage after viral
infection.

5. Conclusions

The magnitude of the detached cell number and the LDH levels
in the supernatants of human tracheal epithelial cells was related

to the magnitude of the replication of influenza viruses, the IL-6
production and the NF-kB p65 activation. Influenza viral infection-
induced airway cell damage may be related to viral replication and
subsequent NF-kB-p65-mediated IL-6 production.
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Abstract

Coughing plays an important role in influenza transmission; however, there is insufficient information regarding the viral
load in cough because of the lack of convenient and reliable collection methods. We developed a portable airborne particle-
collection system to measure the viral load; it is equipped with an air sampler to draw air and pass it through a gelatin
membrane filter connected to a cone-shaped, megaphone-like device to guide the cough airflow to the membrane. The
membrane was dissolved in a medium, and the viral load was measured using quantitative real-time reverse transcriptase-
polymerase chain reaction and a plaque assay. The approximate viral recovery rate of this system was 10% in simulation
experiments to collect and quantify the viral particles aerosolized by a nebulizer. Using this system, cough samples were
collected from 56 influenza A patients. The total viral detection rate was 41% (23/56), and the viral loads varied significantly
(from <10, less than the detection limit, to 2240 viral gene copies/cough). Viable viruses were detected from 3 samples with
=18 plaque forming units per cough sample. The virus detection rates were similar among different groups of patients
infected with different viral subtypes and during different influenza seasons. Among patients who did not receive antiviral
treatment, viruses were detected in one of six cases in the vaccinated group and four of six cases in the unvaccinated group.
We found cases with high viral titers in throat swabs or oral secretions but very low or undetectable in coughs and vice
versa suggesting other possible anatomical sites where the viruses might be mixed into the cough. Our system is easy to
operate, appropriate for bedside use, and is useful for comparing the viral load in cough samples from influenza patients
under various conditions and settings. However, further large-scale studies are warranted to validate our results.
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Introduction

Coughing plays an important role in the rapid spread of
influenza infections among humans. Influenza virus-borne bio-
particles are discharged from an infected person through coughing
and transmitted to uninfected person(s). However, whether
influenza virus particles are directly transmitted to the target host
as large droplets or through inhalation by the host as small
airborne particles remains controversial.

For example, Brankston et al. and Tellier reviewed many
clinical and epidemiological studies, as well as experimental
transmission studies using animal models and volunteers, and drew
strikingly different conclusions: Brankston et al. did not support
the airborne route [1], whereas Tellier advocated that the
importance of the airborne route in the natural transmission of
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influenza infections [2,3]. To address these controversies, Wong et
al. [4] conducted a spatiotemporal analysis during an influenza
outbreak in a hospital ward and reported that infections spread
along the direction of airflow from the index case. Furthermore,
Lindsley et al. [5] and Blachere et al. [6] detected the airborne
virus in healthcare facilities treating influenza patients. Thus, it is
important to assess airborne transmission to discern the amount of
virus released into environmental air through coughing.
Recently, viral RNA was detected in voluntary cough samples of
influenza patients by many researchers using their own methods.
For example, Stelzer-Braid et al. [7] used a continuous positive
airway pressure mask with a collection disk composed of a
dielectric material, and Lindsley et al. [8] used a biosampler (SKC
Inc., Eighty Four, PA, USA) and a two-stage bioaerosol cyclone
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sampler (National Institute for Occupational Safety and Health,
Pittsburgh, PA, USA). Moreover, Bischoff et al. [9] collected
viruses by sampling room air for >20 min using the Andersen
impaction air sampler (Thermo Fisher Scientific, Waltham, MA,
USA) placed close to the patient, and Milton et al. [10] used self-
produced G-II sampler designed for collection of the exhaled
breath and cough. However, the systems used in the aforemen-
tioned studies did not appear to be optimal for collecting samples
* from many subjects in medical settings or common areas, because
of issues of burden to patients, portability and simplicity.

In the present study, we developed a portable system to easily
collect bio-particles released by coughing at bedside within a short
time without burdening the patients (Figure 1), and quantified the
viral load with a definite recovery rate. The methodology and
collection results from influenza cases under various conditions,
such as status of vaccination and antiviral treatment, as well as
possible applications for analyses of the effects of these interven-
tions are discussed. Furthermore, combining the viral load data of
the cough samples with those of throat swabs and oral secretions,
we propose some interesting possibilities regarding the anatomical
sites where the viruses might be mixed with a cough.

System for Capturing Influenza Viruses in Cough

Materials and Methods

Ethics Statement

This study was approved by the ethical committee of Sendai
Medical Center (Sendai City, Miyagi Prefecture, Japan), and
written informed consent was obtained from all patients.

Device for collection of bio-particles

Airborne particles in coughs and mists, generated in laboratory
experiments to simulate coughs, were collected using an airborne
particle-sampling unit composed of portable air sampler (MD8
AirScan Sartorius AG, Gottingen, Germany) connected by a
flexible polyvinyl chloride hose with reinforced ends (#17085;
inner diameter, 32 mm,; length, 2 m; Sartorius AG) (Figure 1A) to
a gelatin membrane filter (#12602-080-ALK; diameter, 8.0 cm;
pore size, 3.0 pm; Sartorius AG) (Figure 1 A, C) and equipped
with a cone-shaped, megaphone-like device (length, 50 cmy;
entrance diameter, 40 cm) made of a polycarbonate resin sheet
(Figure 1 A, B) to guide the airflow to the membrane. The outer
surface of the device was coated with aluminum foil to reduce the
static electric charge of the inner surface.

Patient

A Gelatin membrane filter

Megaphone-like device

Hose (2m)

Portable air-sampler

Figure 1. The system cough collection developed in this study. A schematic diagram of the total system (A). A picture of the composition: the
pump, hose, and cone shaped, megaphone-like device, from the right (B). The gelatin membrane filter (C) was attached to end of the hose and
connected to the tip of the cone to entrap the particles passing in the airflow. The complete system is portable, even on ones back (D), and can be
easily used in many situations, especially at bedside (E). '

doi:10.1371/journal.pone.0103560.g001
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Collection of clinical samples

Cough, throat swab and oral samples were collected, in this
order, from individuals exhibiting symptoms of influenza who
visited one of three medical facilities in Sendai City, Japan. Among
them, those who received final diagnosis of influenza by viral
isolation from throat swab samples were enrolled in this study.
Samples from 16 patients from Sendai Medical Center (average
age, 32.4 £ 16.6 years), 39 from Japan Self-Defense Force Sendai
Hospital (average age, 22.1 % 3.2 years), and [ from Shoji Clinic
(age, 44 years) were collected from January 2008 to F ebruary 2011
and included for analysis.

For sample collection, patients were asked to cough voluntarily
approximately 20 times at their own pace and without great effort
into the cone entrance toward the gelatin membrane filter, which
was at the opposing tip of the cone. The connected sampler was set
at a constant airflow rate of 8.0 m®/h, which is the maximum
pumping rate according to the manufacturer and was previously
adopted in a swine influenza study [11]. The pumping duration
was from 1 min before the start of coughing and continued until at
least 1 min after the last cough. The filter to trap the bio-particles
was cooled immediately after collection until it was transported to
the laboratory where it was then dissolved in 10 mL of Eagle’s
minimum essential medium (MEM; Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 50 U of penicillin and 50 pg/mL
of streptomycin at 37°C. The samples were aliquoted and then
- assessed using a plaque assay, whereas the remaining samples were
stored at —80°C until quantification of the viral gene copy
number. Throat swabs were collected from the pharyngeal walls
exclusively by one of the investigators (E.H.) to avoid technical
variation in sampling techniques by multiple collectors using
cotton swabs. Then, the swabs were vigorously washed in MEM
transport medium supplemented with 50 U of penicillin and
50 pg/mL of streptomycin. The oral secretions consisted mainly of
saliva and mucus produced by the oral membrane and/or mucus
brought by a cough from the deeper respiratory tract was spat by
patients in Petri dishes.

Virus and devices for airborne experiments

Influenza virus A/Aichi/2/68 (H3N2) was propagated in the
allantoic cavities of fertilized chicken eggs. The allantoic fluid
containing the viruses was harvested and atomized in simulation
experiments using an electric compressor nebulizer (NE-C16;
Omron, Kyoto, Japan).

Concentration and quantification of the viruses eluted in
the gelatin solution

The gelatin membrane was dissolved in 10 mL of MEM and
treated with 10 pg/mL of collagenase (Collagenase S-1, Nitta
Gelatin, Osaka, Japan) at 37°C for 1 h and ultra-centrifuged at
125,000 g for 100 min to obtain viral precipitate, which was then
dissolved in extraction buffer included with the RINA extraction kit
(QIAamp Viral RNA Mini Kit, Qiagen, Valencia, CA, USA); the
viral RNA was extracted in 80 puL of RINAse-free water according
to the manufacturer’s instructions. The RINA solution was

concentrated using a freeze-drying system composed of a freeze

dryer (FD-80; Eyela; Tokyo Rikakikai Co., Ltd., Tokyo, Japan), a
centrifugal concentrator (VC-125; TAITEC, Saitama, Japan), and
a vacuum pump (MFG; Hitachi, Tokyo, Japan). The total amount
of extracted RNA was used for complementary DNA (cDNA)
synthesis using the reverse transcription kit (High-Capacity cDNA
Reverse Transcription Kit, Applied Biosystems, Foster City, CA,
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USA) with random primers following the manufacturer’s protocol.
The amount of generated cDNA was measured with quantitative
real-time reverse transcriptase-polymerase chain reaction (qRT-
PCR) using the MiniOpticon system with CFX Manager software
(Bio-Rad Laboratories, Hercules, CA, USA), influenza A matrix
protein 1 (M1)-specific primers, and probes designed by Daum et
al. [12]. All reactions were performed in 48-well plates in duplicate
or triplicate. A standard curve was generated from 10-fold serial
dilutions of the RNA from the M1 cDNA of influenza virus strain
A/Aichi/2/68. Negative controls without templates were included
in each plate.

Viral isolation and plaque assay

Throat swab samples in MEM transport medium were
centrifuged at low-speed (1500 g) for 15 min, and then inoculated
onto Madin-Darby canine kidney (MDCK) cells for viral culture
[18]. Viral isolation was assessed within a week by identifying the
specific cytopathic effect. The dissolved membrane specimens
containing viruses of the coughs were the serially diluted 10-fold
with MEM and inoculated onto MDCK cells. The diluted
specimens were assessed for active viruses using a conventlonal
plaque assay [14] within 1 h after collection.

Results

System establishment for viral collection and
quantification

The collection system was equ1pped with a portable air sampler
unit containing a gelatin membrane filter and a large cone-shaped,
megaphone-like device to guide the expelled particles to the filter
(Figure 1 A, B). The length and maximum diameter of the cone
were 50 and 40 cm, respectively, which was based on information
on cough airflow provided by schlieren (German word, indicating
optical inhomogeneities) analysis, as per the report by Tang et al.
[15] and our recent study of vector analysis [16]. These two
reports estimated the range of the momentum of coughs to be -
approximately 30 cm or less from the participant’s mouth and
thereafter, the particles spread by diffusion. Considering this
assumption, the length of the device was determined as 50 cm to
include possible outlier cases. The particle velocity by coughing
should slow down at the filter to at least less than that of the
suctioning airflow (0.56 m/s, theoretically calculated).

To evaluate the efficiency of our system to measure the total
viral load in a cough, we attempted to separately estimate the
rough recovery rates of the collection and quantification processes.

For the collection process, experiments to simulate human
coughing were performed using a nebulizer. Size distribution
patterns of the particles were confirmed to be mostly resembled
between the mist of the nebulizer and human coughs (Figure S1).
First, the viral fluid containing approximately 10° plaque forming
units (PFU)/mL of influenza virus was atomized by a nebulizer
every 0.5 s for 3 s, which was repeated 10 times, and directed
toward a gelatin membrane filter set 10 cm from the nebulizer.
The generated viral mist was drawn directly into the gelatin filter
membrane apparently by robust pumping of the sampler, which
was confirmed against a black paper background and was visible
by the naked eye. A similar experiment was repeated using a
hollow paper tube (length, 10 cm; inner diameter, 8 cm) to guide
the mist to the membrane, of which the outer and inner surfaces
were coated with aluminum foil to prevent static charge (Figure 2
A). This tube was placed to minimize the possibility that the
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