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The host cytokine IL-6 plays an important role in host defence and prevention of lung injury from
various pathogens, making IL-6 an important mediator in the host's susceptibility to respiratory
infections. The cellular response to IL-6 is mediated through a Janus kinase/signal transducer and
activator of transcription 3 (JAK/STATS3) signal transduction pathway. Human metapneumovirus
(hMPV) is an important causative agent of viral respiratory infections known to inhibit the IFN-
mediated activation of STAT1. However, little is known about the interactions between this virus
and other STAT signalling cascades. Herein, we showed that hMPV can attenuate the IL-6-
mediated JAK/STAT3 signalling cascade in lung epithelial cells. HMPV inhibited a key event in this
pathway by impeding the phosphorylation and nuclear translocation of STAT3 in A549 cells and in
primary normal human bronchial epithelial cells. Further studies established that hMPV interrupted
the IL-6-induced JAK/STAT pathway early in the signal transduction pathway by blocking the
phosphorylation of JAK2. By antagonizing the IL-6-mediated JAK/STAT3 pathway, hMPV
perturbed the expression of IL-6-inducible genes important for apoptosis, cell differentiation and
growth. Infection with hMPV also differentially regulated the effects of IL-6 on apoptosis. Thus,
hMPV regulation of these genes could usurp the protective roles of IL-6, and these data provide
insight into an important element of viral pathogenesis.

INTRODUCTION

Human metapneumovirus (hMPV) is an important
causative agent of acute viral respiratory tract infections
in children, the elderly and immunocompromised patients.
Infection with hMPV can result in bronchiolitis, bronchitis
or pneumonia, and can exacerbate chronic obstructive
pulmonary disease (Edwards et al., 2013; Greensill et al,
2003; Martinello et al, 2006; Williams et al, 2004).
Seroprevalence studies have demonstrated that virtually
all children have antibodies to hMPV by 10 years of age
(Ebihara et al., 2003; Leung et al, 2005; van den Hoogen
et al., 2001). Despite the high infection rate in children, there
is a lifelong cycle of infection and reinfection with hMPV,
suggesting that the initial infection does not provide
complete long-term protective immunity (Ebihara et al.,
2004). Thus, the ability of h(MPV to evade the host’s innate
immune system is an important factor in the success of the
viral infection. h(MPV is known to antagonize the type I [IFN
response, a known antiviral response (Dinwiddie & Harrod,
2008); however, little is known about how hMPV regulates
other innate immune signalling pathways important during
respiratory infections.

Four supplementary tables are available with the online version of this
paper.

IL-6 is a pleiotropic cytokine produced in response to
respiratory infections with various pathogens. In vivo
studies have demonstrated that viral and bacterial patho-
gens that are innocuous in WT mice can cause disease in
IL-6-deficient mice (Jones et al., 2006; Ladel et al., 1997;
Murphy et al., 2008; van der Poll et al., 1997). Infections
with respiratory syncytial virus (RSV), a virus closely
related to hMPV, demonstrated a positive correlation
between high IL-6 levels and disease severity (Welliver,
2008). Moreover, hMPV induced a more severe disease in
mice than RSV, and these results were, in part, associated
with higher levels of host IL-6 (Huck et al, 2007). These
data demonstrate that IL-6 is a key determinant in host
susceptibility to respiratory infection and could play an
important role in hMPV pathogenicity (Guerrero-Plata
et al., 2005; Huck et al., 2007; Laham et al., 2004).

IL-6 induces cellular responses to disease through various
signalling cascades, including a Janus kinase/signal trans-
ducer and activator of transcription 3 (JAK/STAT3) signal
transduction pathway (reviewed by Kamimura, 2003).
Similar to other JAK/STAT pathways, binding of IL-6 to
the receptor complex activates a member of the JAK family
(JAK1, JAK2 and Tyk2), which leads to tyrosine phosphor-
ylation and dimerization of STAT3. The activated STAT3
translocates to the nucleus where it binds to DNA and
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modulates gene expression. Whilst genes stimulated by IL-
6 are predominantly involved in the inflammatory
response, they are also important in apoptosis, cell
differentiation, cell proliferation, cell recruitment and the
acute phase response. The disruption of IL-6 signal
transduction pathways will modify the expression of several
genes needed to maintain lung homeostasis, thereby
increasing the host’s susceptibility to injury (Matsuzaki
et al., 2006; Quinton et al., 2008).

hMPV inhibits STAT1 activation, thereby antagonizing the
IFN-induced JAK/STAT signal transduction cascade, a
known antiviral pathway (Dinwiddie & Harrod, 2008).
However, the ability of this virus to regulate other JAK/
STAT signalling pathways important for host defence is not
well understood. Here, we report that hMPV infection
inhibited IL-6-induced STAT3 signalling in lung epithelial
cells and that this inhibition occurred early in the signal
transduction cascade. By usurping the IL-6-induced JAK/
STAT signalling cascade, hMPV altered the epithelial
transcriptional response important for maintaining the
mucosal tissue microenvironment. These findings provide
new information on mechanisms by which hMPV affects
lung pathogenesis following infection.

RESULTS

Human metapneumovirus inhibits the expression
of a STAT3 reporter gene

With the exception of the IFN-inducible JAK/STAT
pathway, little is known about how hMPV regulates
cytokine-induced JAK/STAT signalling cascades important
in controlling virus infections of the lung. IL-6 is an
important regulator of the host’s defence against pathogens
and signals through a JAK/STAT3 signalling pathway
(Jones et al., 2006; Ladel et al., 1997; Murphy et al., 2008;
van der Poll, 1997; Zhang et al, 2011). To determine
whether hMPV could regulate the IL-6-induced JAK/
STAT3 signalling cascade, expression of a luciferase
reporter gene under the control of STAT3 was examined.
A549 cells were transfected with a STAT3 reporter
construct, a negative—control reporter construct or a
control reporter construct that constitutively expressed
luciferase (positive control) 24 h prior to infection with
hMPV. At 24 h post-infection (p.i.), cells were treated with
IL-6 for 8 h and luciferase expression was then measured.
Mock-infected cells transfected with the STAT3 reporter
construct demonstrated a fold increase of 3.6+0.732
(mean +sD) in luciferase expression following induction
with IL-6. In contrast, hMPV-infected cells had a fold
increase of 1.28+0.629 following treatment with IL-6.
Compared with mock-infected cells, hMPV infection
significantly attenuated the fold increase of the STAT3-
driven luciferase expression following IL-6 treatment
(P<0.0001, two-way ANOVA; Fig. la). Confirmation of
transfection and background reporter activity was deter-
mined using positive- and negative-control reporter

constructs, respectively. Infection and/or treatment with
IL-6 did not alter the luciferase expression of the control
plasmids, suggesting that the results of the STAT3-driven
luciferase expression were specific to the effects of hMPV
infection and IL-6 treatment.

hMPV-infected cells had higher luciferase activity than
mock-infected cells. This could be due to IL-6 production
by hMPV infection (data not shown) and the early
induction of STAT3 reporter in uninfected cells. To further
assess the effects of hMPV infection on the IL-6 response,
immunofluorescence was utilized to demonstrate the
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Fig. 1. hMPV attenuates STAT3-inducible luciferase reporter gene
expression. A549 cells were transfected with a plasmid that
constitutively expresses firefly luciferase (Juc; + CTRL), a negative
control (- CTRL) or a STAT3-/uc reporter plasmid. The cells were
infected with hMPV at an m.o.i. of 4 and then treated with IL-6
(20 ng mI™") for 8 h. (a) Luciferase expression is shown as the
firefly : Renilla relative light units (RLU) ratio (means % SEMm for three
independent experiments). (b) Infected cells transfected with the
STATS3 reporter plasmid and treated with IL-6 were fixed in 4%
paraformaldehyde. Cells were stained for hMPV antigen (green)
and firefly luciferase (red). Nuclei were counterstained with
Hoechst (blue). Results are representative of three independent
experiments.
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inhibition of luciferase expression in virus-infected cells.
A549 cells transfected with the STAT3 reporter construct
were co-stained with an antibody against hMPV and an
antibody against firefly luciferase (Fig. 1b). Firefly lucifer-
ase was detected in the cytoplasm of mock-infected cells
treated with IL-6 but not in untreated cells. Conversely, the
amount of luciferase detected in the cytoplasm of IL-6-
treated and untreated hMPV-infected cells remained at
background levels. Together, these data suggested that
hMPV is capable of impeding the IL-6-stimulated JAK/
STATS3 signalling cascade at the level of STAT3-mediated
gene expression.

HMPYV inhibits translocation of STAT3 to the
nucleus

Transcription of STAT3-responsive genes requires nuclear
translocation and DNA binding of STAT3. To determine
the nuclear localization of STAT3 during hMPV infection,
immunofluorescent detection of nuclear STAT3 was
assessed in hMPV-infected lung epithelial cells following
IL-6 stimulation (Fig. 2). Upon IL-6 stimulation of mock-
infected cells, the cytoplasm : nucleus ratio of STAT3
decreased from 4.704 to 0.089 (Table S1, available in JGV
Online), thereby revealing the nuclear localization of
STAT3 following IL-6 induction. However, in hMPV-
infected cells, the cytoplasm : nucleus ratio of STAT3
remained similar at 5.183 (untreated) and 3.635 (IL-6
treated) following IL-6 stimulation, indicating that hMPV
infection prevented nuclear translocation of STAT3 in lung
epithelial cells.

Phosphorylation of STAT3 is a key event preceding
translocation to the nucleus. For this reason, the ability
of hMPV to inhibit STAT3 phosphorylation was examined

Hoechst STAT3 hMPV ~ Merge

Mock

Mock
+ IL-6

hMPV

hMPV
+IL-6

Fig. 2. hMPV inhibits the nuclear localization of STAT3. A549 cells
were infected with hMPV at an m.o.i. of 0.5. At 48 h p.i., cells were
treated with IL-6 (20 ng mI™") for 30 min and then fixed with 4 %
paraformaldehyde. Cells were stained for hMPV antigen (green) and
STATS (red). The nuclei were counterstained with Hoechst (blue).
Results are representative of three independent experiments.

by Western blot analysis (Fig. 3). A549 cells were infected
for 48 h with medium only, UV-inactivated virus or hMPV
and then treated with IL-6 for 30 min. STAT3 was readily
phosphorylated (p-STAT3) in uninfected cells (STAT3:
p-STAT3 ratio=3.21) and in cells infected with UV-
inactivated virus (STAT3:p-STAT3 ratio=3.50), but only
background levels of p-STAT3 (STAT3 : p-STAT3 ratio=14.67)
were detected in hMPV-infected cells (Fig. 3a and Table S2A).
The differences in p-STATS3 levels identified when compar-
ing cells infected with hMPV and UV-inactivated virus
suggested that the inhibition of p-STAT3 was not due to
cellular factors produced during virus propagation. In
addition, A549 cells were infected with an increasing m.o.i.
and treated with IL-6 at 6, 12, 24 and 48 h p.i. to examine
STAT3 phosphorylation over the course of infection (Fig.
3b). The appearance of p-STAT3 was evident in the mock-
infected cells and in cells infected with the lowest m.o.i.
tested (m.o0.i.=0.1) throughout the course of infection. The
levels of p-STAT3 start to decrease at 12 h p.i. in cells
infected with the highest m.o.i. tested (m.o.i.=1), and a
noticeable decrease in p-STAT3 occurred in cells infected
with an m.o.i. of 0.5 and 1 at 24 and 48 h p.i. The results of
densitometric analysis of the Western blot are shown in
Table S2(B). Thus, the expression of pSTAT-3 decreased
over time in cells infected at an m.o.i. of 0.5 and 1. Together,
these data suggested that replicating virus is required for the
inhibition of STAT3 phosphorylation.

To examine the potency of hMPV on the inhibition of
STAT3 phosphorylation, A549 cells were infected at an
m.o.i. of 0.5 and treated with increasing concentrations of
IL-6 at 24 and 48 h p.i. (Fig. 3c). p-STAT3 was identified
by Western blot analysis in mock-infected cells treated with
IL-6 at a concentration as low as 2 ng ml !, However, p-
STAT3 was not detected in hMPV-infected cells, even in
cells treated at the highest concentration of IL-6 (200 ng
mlfl), at either time point. The concentration of 200 ng
ml ™" is approximately 2—3 logs higher than what has been
reported for bronchoalveolar lavage fluid from infected
mice (Guerrero-Plata et al., 2005; Huck et al., 2007) and in
infected A549 cells (data not shown), demonstrating hMPV
is a powerful inhibitor of the IL-6-mediated JAK/STAT3
signalling pathway at physiological conditions in lung
epithelium.

STATS3 is activated by several cytokines (e.g. IL-22, IL-10
and IL-6) and thus a hMPV-induced reduction in STAT3
phosphorylation may have global implications beyond IL-6
signalling. To determine whether hMPV has a widespread
effect on STAT3 phosphorylation, infected cells were
treated with IL-6 or IL-22, as both are important for
mediating lung host defence (Aujla & Kolls, 2009;
Whittington et al, 2004). p-STAT3 was detected in
mock-infected cells treated with IL-6 and IL-22, dem-
onstrating that both cytokines induced STAT3 phosphor-
ylation in A549 cells (Fig. 3d). Consistent with the previous
findings, STAT3 phosphorylation was inhibited in hMPV-
infected cells treated with IL-6. Conversely, similar levels of p-
STAT3 were detected in mock-infected and hMPV-infected
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Fig. 3. hMPV replication is a potent inhibitor of STAT3 phosphorylation. To examine STAT3 phosphorylation, Western blot
analysis was performed on cell lysates using antibodies toward phospho-STAT3 (p-STAT3), STAT3 and actin. (a) A549 cells
were infected with medium only (mock), UV-inactivated virus (UVI) or h(MPV at an m.o.i. of 0.5 and treated with IL-6 (20 ng ml™")
for 30 min. (b) A549 cells were infected with an increasing m.o.i. of hMPV and treated with medium only or with medium
containing 1L-6 (20 ng mi™"). (c) Cells were infected with medium only or with hMPV at an m.o.i. of 0.5 and treated with
increasing concentrations of IL-6 at 24 (upper panel) and 48 (lower panel) h p.i. (d) At 48 h p.i., mock- or hMPV-infected cells
were treated with medium only, IL-6 (20 ng mI™") or IL-22 (20 ng miI™"). All images are representative of three independent
experiments. No TXT, no cytokine (IL-6 or IL-22) treatment. In all experiments, actin was used as a loading control.

cells treated with IL-22. Quantification of the Western
blots confirmed these results. The STAT : p-STATS3 ratio for
hMPV-infected cells increased from 1.97 to 5.91 follow-
ing induction with IL-6 but remained the same following
IL-22 induction (Table S2C). These data demonstrated that
hMPV inhibition of STAT3 phosphorylation is cytokine
specific.

HMPV antagonism of the IL-6-induced JAK/STAT
pathway in primary normal bronchial epithelial
(NHBE) cells

To assess further the antagonistic ability of hMPV on the
IL-6-induced JAK/STAT pathway, STAT3 phosphorylation
was examined in primary NHBEs by Western blot analysis

(Fig. 4a). P-STAT?3 was identified in mock-infected NHBE
cells treated with IL-6. However, when compared with the
mock-infected lysate (STAT:p-STAT3 ratio=5.81), the
amount of p-STAT3 was markedly diminished in hMPV-
infected lysate (STAT:p-STAT3 ratio=14.36) following
induction with IL-6 (Table S3A). Similar to A549 cells,
total STAT3 levels did not decrease after infection,
confirming that hMPV attenuation of p-STAT3 is not
due to a decrease in total STAT3 levels.

The increased amount of residual p-STAT3 recovered in
hMPV-infected NHBE cells compared with A549 cells may
be due to the heterogeneous cell population and decreased
infection rate identified in the primary cell line (Dinwiddie
& Harrod, 2008; Kuiken et al., 2004). Immunofluorescence
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Fig. 4. Inhibition of STAT3 phosphorylation and translocation in
hMPV-infected NHBE cells. NHBE cells were infected at an m.o.i.
of 0.5. At 48 h p.i, cells were treated with 20 ng IL-6 ml " for
30 min. (a) Cell lysates were analysed by Western blot analysis
with antibodies against p-STAT3, STAT3 or actin. (b) Cells were
fixed with 49% paraformaldehyde and stained for viral antigen
(green) and STAT3 (red). Nuclei were counterstained with
Hoechst (blue). Results are representative of two independent
experiments. No TXT, no cytokine (IL-6 or IL-22) treatment.

microscopy was performed to verify the hMPV inhibition
of STAT3 translocation to the nucleus of infected NHBE
cells (Fig. 4b and Table S3B). Whilst nuclear localization of
STAT3 appeared following induction with IL-6 in mock-
infected cells (cytoplasm:nucleus ratio=0.127), STAT3
remained predominantly in the cytoplasm of hMPV-
infected cells following IL-6 stimulation (cytoplasm:nu-
cleus ratio=2.85). These results were consistent with the
findings in A549 cells and provided further evidence of
hMPV regulation of IL-6-induced JAK/STATS3 signalling in
lung epithelial cells.

Inhibition of JAK phosphorylation by hMPV

JAK1, JAK2 and Tyk2 have been implicated in the IL-6-
induced JAK/STAT signal transduction pathway (Heinrich
et al, 1998). Inhibition of this step could suppress
downstream events such as STAT3 phosphorylation, as
phosphorylation of these kinases is required to initiate or
amplify the signal. To identify the JAK involved in the IL-
6-mediated JAK/STAT cascade in A549 cells, immunopre-
cipitation of JAK1 (Best et al, 2005) and Western blot

(a) - - - + +  hMPV
- + - - - IFN-a
- - + - + IL-6
WB: JAK1 L
IP: p-JAK1
() - - + - +  hMPV
+ - - - - IFN-a
- - - + + IL-6
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T2 . S e -
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p-JAK2 . -
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Fig. 5. hMPV inhibits phosphorylation of JAK2. MPV- or mock-
infected cells were treated with IL-6 (20 ng mI™") and either INF-o
(1000 U mI™") or IFN-y (10 ng mI™"). (a) Proteins were immuno-
precipitated using phospho-JAK1 (p-JAK1)-specific antibody. The
immunoprecipitates were examined by Western blot analysis
utilizing an antibody against JAK1. (b, c) Total cell lysates were
separated by SDS-PAGE and the membranes were probed with
antibodies recognizing Tyk2 and phospho-Tyk2 (p-Tyk2; b) or
JAK?2 and p-JAK2 (c). Panels (a) and (b) are representative of three
independent experiments, whilst (c) is representative of two
independent experiments.

analysis of Tyk2 and JAK2 was performed. As type I IFNs
are known to signal through JAKI and Tyk2, mock-
infected cell lysates treated with 1000 U IFN-« ml~ "' for
15 min were used as a positive control. As expected, JAK1
phosphorylation was observed in immunoprecipitates from
mock-infected cells treated with IFN-a. In contrast,
phosphorylated JAK1 was not detected in immunopre-
cipitates from mock-infected A549 cells treated with
IL-6 (Fig. 5a). Similar results were obtained for Tyk2.
Phosphorylated Tyk2 (p-Tyk2) was observed in mock-
infected lysates treated with IFN-z but not in mock-
infected lysates treated with IL-6 (Fig. 5b and Table S4A).
This suggested that JAK1 and Tyk2 are not the primary
kinases in the IL-6-induced JAK/STAT signalling pathway
in A549 lung epithelial cells. IFN-y utilizes JAK2 in
mediating STAT1 phosphorylation. Therefore, mock-
infected cells treated with IFN-y (10 ng ml ™Y for 15 min
were used as a positive control to examine the involvement
of JAK2 in the IL-6-induced signalling cascade. p-JAK2 was
identified in lysates from mock-infected cells treated with
IFN-y (JAK2:p-JAK2 ratio=9.23) and in lysates from
mock-infected cells treated with IL-6 (JAK2:p-JAK2
ratio=3.5), suggesting that JAK2 is involved in the
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IL-6-mediated STAT3 pathway in A549 cells (Fig. 5¢ and
Table S4B). The involvement of JAK2 in the IL-6-induced
STAT3 pathway has been reported previously in A549 cells
(Huang et al., 2010; Zhang et al, 2009). Notably, JAK2
phosphorylation was not observed in hMPV-infected
lysates treated with IL-6. By inhibiting phosphorylation
of JAK2, hMPV antagonizes IL-6 early in the STAT3 signal
transduction pathway.

HMPV regulation of IL-6-induced JAK/STAT-
dependent gene expression

The above data demonstrated that hMPV infection antag-
onizes the IL-6-induced JAK/STAT signal transduction
pathway in the A549 lung epithelial cell line. By impeding
this pathway, hMPV probably alters the expression of IL-6-
inducible STAT3 target genes. A quantitative reverse
transcription (RT)-PCR array was used to analyse differential
expression of genes induced by IL-6 in mock- and hMPV-
infected cells. This array was focused on a panel of genes
relevant to JAK/STAT pathways. In mock-infected cells, IL-6
regulated the expression of 43 of the 84 genes (51 %) tested
(Fig. 6a). These include genes important for the acute phase
response (CRP and A2M), which are known to be
upregulated through the IL-6-inducible STAT3 signalling
cascade. Regulation of additional genes correlated with the
different functions of IL-6, such as cell differentiation and
growth (CCNDI, OSM, INSR and IL2RG), apoptosis
(CDKNIA, NFKBI and PRLR) and the inflammatory and
immune response (FCERIA, SITI, SMADI and F2). Of the
genes regulated by IL-6, nine genes (19 %) were regulated
more than twofold by hMPV infection. Utilizing the DAVID
bioinformatics database (http://david.abcc.ncifcrf.gov/), the
genes were classified into different functional groups (Table
1). Following IL-6 treatment, infection with hMPV altered
the expression of genes important for transcription regu-
lation by increasing the RNA levels of YY1 and SMAD2
compared with mock-infected cells. Genes important for
cytokine production (IFNARI and SOCS3) were also
regulated by hMPV. In addition, several genes regulated by
hMPV following IL-6 induction were important for cell
differentiation, proliferation and apoptosis. Infection with
hMPV increased the expression of genes that function in cell
differentiation and proliferation (SMAD2 and SOCS3)
compared with mock-infected cells (Allen & Unterman,
2007; Cacalano et al., 2001; Kleinsteuber et al., 2012; Rossa
et al., 2012; Ungefroren et al., 2011). hMPV-infected cells also
differentially regulated the expression of IL-6-inducible genes
involved in apoptosis/cell survival. hMPV infection
increased the expression of IL-6-inducible anti-apoptotic
genes (SOCS3, SRC and IL-4) and downregulated
IL-6-inducible genes that promote apoptosis/cell killing
(NOS2 and SMAD4) compared with mock-infected cells
(Abu-Ghazaleh et al, 2001; Akbar et al, 1996; Karni
et al., 1999; Ke et al, 2008; Li et al., 2005; Lu et al., 2006;
Madonna et al, 2012; Renauld et al., 1995; Schmidt et al.,
2004; Todaro et al., 2008; Zhang, 2007). In addition, JAK2,
which functions as a pro- or anti-apoptotic gene and in cell

differentiation, was downregulated at the RNA level by
hMPV. Together, these data demonstrated that hMPV
inhibition of the IL-6-induced JAK/STAT3 pathway regulates
the RNA expression of a number of IL-6 inducible genes,
especially those important in cell differentiation, cell
proliferation and apoptosis.

To examine the effects of IL-6 on apoptosis and whether
hMPV infection modified this effect, A549 cells were
infected at an m.o.i. of 1 for 24 h. Apoptosis was induced
chemically following IL-6 stimulation. Apoptotic cells were
detected using annexin V staining and flow cytometry (Fig.
6b). IL-6 alone had no effect on apoptosis in mock- or
hMPV-infected cells. However, when apoptosis was
stimulated with cycloheximide and TNF-o, there was a
significant increase in the number of apoptotic cells in
mock-infected cells pre-treated with IL-6 compared with
untreated mock-infected cells (P<<0.05, two-way ANOVA).
Conversely, in hMPV-infected cells, the number of
apoptotic cells was decreased significantly in cells treated
with IL-6 compared with untreated hMPV-infected cells
(P<0.05, two-way ANOVA). Similar results were obtained
for DNA fragmentation analysis (Fig. 6¢). In apoptotic-
induced cells, hMPV infection decreased the amount of
DNA fragmentation following IL-6 induction, whilst
mock-infected cells demonstrated an increase in DNA
fragmentation. Although infection itself sensitized the cells
to DNA fragmentation and apoptosis following treatment
with cycloheximide and TNF-o, the effects of IL-6 on
apoptosis were differentially regulated in hMPV-infected
cells compared with mock-infected cells. Thus, these
functional assays supported the RT-PCR array data
demonstrating that hMPV inhibition of the IL-6 pathway
antagonizes the pro-apoptotic role of IL-6 in A549 cells. By
regulating these genes, h(MPV could alter the role of IL-6 in
maintaining lung homeostasis during infection and play an
important role in pathogenesis.

DISCUSSION

Many viruses have developed methods to evade the host
IFN response, but little is known about interactions
between viruses and other innate signalling cascades
important in viral pathogenesis and lung injury. One such
signal cascade is that induced by IL-6. IL-6 is a pleiotropic
cytokine known to protect the lung from injury, and thus is
an important determinant in the host’s susceptibility to
respiratory infections (Kida et al., 2005; Ladel et al., 1997;
Murphy et al, 2008; van der Poll et al., 1997; Ward et al.,
2000; Yu et al., 2002). The studies presented in this paper
examined the interaction between hMPV, an important
causative agent of respiratory infections, and the IL-6-
induced JAK/STAT signal transduction pathway. hMPV
attenuated STAT3-inducible luciferase expression follow-
ing induction with IL-6 through inhibition of JAK2
phosphorylation, thereby averting the downstream activa-
tion and nuclear translocation of STAT3. Further analysis
demonstrated that hMPV could differentially regulate the
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Fig. 6. hMPV differentially regulates expression of genes important for cell proliferation and apoptosis. (a) Scatterplot
comparing gene expression levels between mock-infected cells and mock-infected cells treated with IL-6. Total RNA was
isolated and an RT-PCR array was performed. Data were analysed utilizing the Bioscience web-based RT? profiler PCR array
data analysis program. Symbols outside the grey diagonal lines indicate genes whose levels were regulated more than threefold.
Red circles indicate genes that were upregulated and green symbols indicate genes that were downregulated. (b, c) To examine
the effects of hMPV on the role of IL-6 in apoptosis, A549 cells were infected at an m.o.i. of 1 for 24 h. Cells were (continued)
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Fig. 6. (continued) then treated for 18 h with IL-6 (20 ng miI™") followed by a 6 h treatment with cycloheximide (CHX) and TNF-
o.. (b) Annexin V staining and flow cytometry were performed to determine number of apoptotic cells. The graph represents the
mean of two experiments. An asterisk represents a significant change (P<0.05). (c) A Cell Death Detection ELISA kit (Roche)
was utilized for the in vitro determination of DNA fragmentation, measured as changes in absorbance at 405 nm (A4s0). The

graph represents the mean of two experiments.

expression of IL-6-inducible JAK/STAT-mediated genes
important for apoptosis, cell proliferation and differenti-
ation. The ability of h(MPV to thwart the IL-6-induced JAK/
STAT signal cascade altered the cytokine’s role in apoptosis.

Several respiratory viruses, including hMPV, cause the host
to release IL-6 in response to infection. In the lung, IL-6
regulates inflammation, cell growth and apoptosis
(DiCosmo et al, 1994; Moodley et al, 2003; Waxman
et al., 2003). These responses are important for protection
and maintenance of lung homeostasis and occur, in part,
through a STAT3-dependent signal cascade. Although a
role for STAT3 has been suggested during viral respiratory
infections (Ghoshal et al., 2001; Liu et al., 2004), little is
known about the ability of viruses to silence the effects of
STAT3. Two paramyxoviruses, mumps virus and measles
virus, inhibit cytokine-induced STAT3 signalling (Palosaari
et al., 2003; Ulane et al, 2003). For both mumps and
measles virus, the V protein is implicated in the inhibition
of STAT3 activation (reviewed by Horvath, 2004). Mumps
virus targets STAT1 and STAT3 for proteasomal degrad-
ation, whereas measles virus forms a high-molecular-mass
complex with STAT1, STAT2 and STAT3, preventing
nuclear translocation of STATs. The overall levels of
STAT3 do not decrease during hMPV infection, and thus
the mechanism for hAMPV inhibition of STAT3 signalling is
not similar to that of mumps virus. Currently, it is not
known whether hMPV forms high-molecular-mass com-
plexes similar to measles virus, thereby sequestering STAT's
in the cytoplasm, or whether hMPV inhibits JAK/STAT
signalling by a unique mechanism. Notably, the V protein
of measles and mumps virus also targets the IFN-induced

JAK/STAT signalling cascade, demonstrating that a single
virus protein can target multiple innate signalling path-
ways (Horvath, 2004). Although it is known that hMPV
inhibits the IFN-inducible JAK/STAT signalling cascade,
the viral determinant for this antagonism is unknown
(Dinwiddie & Harrod, 2008). hMPV does not contain any
sequence homologous to the V protein of measles or
mumps virus, nor to the NS proteins of RSV known to
modulate JAK/STAT pathways (Dinwiddie & Harrod,
2008). Thus, the immunomodulatory effects of hMPV on
JAK/STAT signalling could be due to a different protein
or to a novel protein function not used by the other
paramyxoviruses.

The data in this paper clearly demonstrate that hMPV
obstructs the IL-6-inducible JAK/STAT signalling cascade.
However, the identity of the cellular target for hMPV
inhibition of the IL-6 signalling pathway remains
unknown. There is evidence suggesting that the target is
likely to be the IL-6 receptor complex. hMPV-infected cells
were treated with two different cytokines (IL-6 and IL-22).
Both of these cytokines are important in lung host defence
and signal through STAT3 (Aujla & Kolls, 2009; Jones et
al., 2006; Murphy et al., 2008; Whittington et al., 2004).
hMPV was able to inhibit STAT3 activation in cells
induced with IL-6 but not in cells stimulated with IL-22,
demonstrating that STAT3 is not a direct target of
inhibition. In addition, as JAK2 was not phosphorylated
during hMPV infection, inhibition is likely to occur prior
to STAT3 activation. This would implicate either JAK or
the receptor as a target. However, if JAK2 was targeted
directly, other pathways that signal through JAK2 would

Table 1. hMPV regulation of IL-6-inducible genes

Gene name IL-6 regulation* hMPV regulation? Function

IFNARI l 1 Cytokine production

IL-4 l 1 Apoptosis

JAK2 1 l Cell differentiation and growth, apoptosis

NOS2 1 l Apoptosis

SMAD?2 l 1 Cell differentiation and growth, transcription

SMAD4 1 l Cell differentiation and growth, transcription, apoptosis
SOCS3 l 1 Cytokine production

SRC l 1 Apoptosis

YY1 l 1 Transcription

*IL-6 regulation of genes in mock-infected cells.

thMPV regulation of IL-6 regulated genes (hMPV-infected cells +IL-6 vs mock-infected cells +IL-6).
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also be inhibited. Previously, Western blot analysis
demonstrated that hMPV does not inhibit STAT phos-
phorylation following induction with IFN-y, a cytokine
known to signal through JAK2 (Dinwiddie & Harrod,
2008). Thus, the inhibition of JAK2 activation identified in
the IL-6 pathway is not due to a global inhibition of JAK2
phosphorylation by hMPV: IL-6 and IFN-y signal through
different receptors. IFN-y signals through IFN-yR1 and
IFN-yR2, whereas IL-6 signals through a receptor complex
consisting of IL-6Ra and gpl130, further implicating the
receptor as the target for inhibition.

By wusurping the IL-6-inducible JAK/STAT3 signalling
cascade, h(MPV modulated the role of IL-6 in maintaining
homeostasis. Specifically, both the RT-PCR array data and
the apoptotic functional assay demonstrated that hMPV
infection promoted cell survival by decreasing the pro-
apoptotic role of IL-6. Although the role of apoptosis in
hMPV is not currently well described, current data,
including a minimal cytopathic effect, suggest that apoptosis
is not induced during hMPV infection. However, in this
paper, hMPV sensitized the cells to cycloheximide- and
TNF-a-induced apoptosis. This is similar to data obtained
for RSV, a closely related virus. RSV sensitized cells to
apoptosis following induction with exogenous TNF-related
apoptosis-inducing ligand (Kotelkin et al, 2003). Without
this stimulus, apoptosis was delayed until very late in RSV
infection. This delay/inhibition of apoptosis in infected cells
could be associated with the upregulation of anti-apoptotic
factors by RSV (Kotelkin et al., 2003). Studies have suggested
that this delay/inhibition of apoptosis by RSV is consistent
with the minimal cytopathic effect observed during infection
(Bitko et al., 2007; Groskreutz, 2007; Kotelkin et al., 2003).
As viruses inhibit apoptosis as a method of ensuring virus
replication (Itoh et al, 1998; Teodoro & Branton, 1997), it is
probable that hMPV upregulation of anti-apoptotic genes
and genes important for cell growth will support virus
survival, replication and persistence (Alvarez et al., 2004; Liu
et al, 2009). Further insight into the motive of hMPV in
regulating the IL-6-inducible genes important for cell
proliferation and apoptosis could reveal insightful informa-
tion about hMPV pathogenesis.

Infection with hMPV does not provide long-term protect-
ive immunity and an individual can have lifelong,
repeated infections, demonstrating the importance of the
innate immune response during both the primary and
subsequent infections. Understanding how these viruses
evade both the canonical antiviral pathways, such as the
[FN-induced cascade, and other innate signalling path-
ways important in host defence will provide more insight
into viral pathogenesis and immunity. With the addition
of these studies, hMPV is now known to interrupt two
innate JAK/STAT signalling pathways important in host
defence against respiratory viral infection. Uncovering the
molecular mechanisms of these interactions will identify
differences and congruities of hMPV antagonism of the
various innate signalling pathways and could identify

possible targets for the development of new vaccines or
therapeutics.

METHODS

Cells. Human lung epithelial cells (A549) and monkey kidney cells,
LLC-MK2 (Viromed) were maintained in Dulbecco’s minimal
essential media (DMEM; Invitrogen) containing 10% FBS, 4 mM
L-glutamine, 3.7 g sodium bicarbonate 1", 100 U penicillin ml
100 pg streptomycin ml ™' and 0.25 pg amphotericin B ml ™" at 37 °C
in 5% C02

NHBE cells isolated from human trachea and primary bronchi
were plated onto collagen-coated 100 mm dishes (Biocoat; Becton
Dickinson) and grown in BEGM medium (Lonza) to 80%
confluency. The cells were passaged onto collagen-coated Transwell
inserts (Corning) and maintained in BEGM:DMEM (1:1 ratio)
supplemented with 50 nM retinoic acid, 1.5 ug BSA ml~" (Sigma)
and BEGM SingleQuots (Lonza). Once confluent, the NHBE cells
were grown under air-liquid interface conditions until differentiation
(21-28 days).

Reagents. The following primary antibodies were used for the
experiments in this paper. STAT3, p-STAT3 (Y705), p-Tyk2 (Y1054/
1055) and p-JAK2 (Y1007/1008) antibodies were obtained from Cell
Signalling. The antibodies generated against Tyk2 (clone EP1127Y)
and firefly luciferase were acquired from Abcam. JAK1 (clone HR-
785) and JAK2 (clone C20) were purchased from Santa Cruz
Biotechnology. Antibodies to hMPV, pJAKl and f-actin were
obtained from Millipore, Invitrogen and Sigma, respectively. The
HRP-conjugated secondary antibodies [goat anti-rabbit IgG(H+L)
and goat anti-mouse IgG(H+L)] were purchased from Thermo
Scientific and the Alexa Fluor-conjugated secondary antibodies (Alexa
Fluor 594-conjugated goat anti-rabbit and Alexa Fluor 488-con-
jugated goat anti-mouse) were obtained from Invitrogen. All
antibodies were used at the manufacturer’s recommended concentra-
tions. The cytokines human IFN-o, human IFN-y, human IL-6 and
human IL-22 were acquired from PBL Interferon Source, Millipore,
Invitrogen and Cell Signalling, respectively.

Virus propagation, titration and infections. hMPV strain CAN97-
83, a gift from Guy Boivin (Laval University, Québec City, Québec,
Canada), was propagated in LLC-MK2 cells and titrated by a focus-
forming assay as described previously (Dinwiddie & Harrod, 2008).

For experiments designed to examine virus interactions with JAK/
STAT signalling, cells were infected with hMPV at an m.o.i. of 0.5
unless otherwise noted. Following a 1 h adsorption period, the
inocula were removed and the cells washed with PBS. Infected cells
were maintained in serum-free Opti-MEM containing 0.1 pg TPCK-
trypsin ml~! (Worthington Biochemical Corp.). Cells were treated
with IL-6 for 30 min or 8 h.

Western blot analysis. Cell were lysed in buffer containing 10 mM
Tris/HCI (pH 7.5), 15 mM NaCl, 0.5% NP-40, 1% Triton X-100,
I mM EDTA, 1 mM EGTA (pH 8.0), 0.2 mM sodium ortho-
vanadate and 0.4 mM PMSF, and total protein was quantified with
a bicinchoninic acid protein assay kit. Equal amounts of protein were
separated by SDS-PAGE and transferred to PVDF. The membrane
was incubated with the primary antibody overnight at 4 °C with
rocking. Following three washes, the membranes were incubated with
a HRP-conjugated secondary antibody at room temperature for 1 h.
The membranes were developed using Western Lightening Plus-
ECL (Perkin Elmer), the proteins visualized using an LAS4000
Luminescent Image Analyser (Fujifilm) and densitometry was
performed using MultiGauge v3.0 (Fujifilm).
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Immunofluorescence. Following infection and cytokine treatment,
A549 cells were fixed in 4% paraformaldehyde. The cells were
permeabilized for 5 min in 0.2% Triton X-100. Cells were double
stained with anti-hMPV and with either anti-STAT3 or anti-firefly
luciferase antibody for 1 h at room temperature. Alexa Fluor-
conjugated secondary antibodies were applied to the cells for 1 h at
room temperature. Nuclei were counterstained with Hoechst (10 pg
ml™') and coverslips mounted using Mowiol. Fluorescence was
visualized using a Zeiss LSM 510 META confocal microscope.
Fluorescence was quantified using Image] software (National
Institutes of Health).

Luciferase reporter assay. To quantify activation of the STAT3
signal transduction pathway, a dual luciferase reporter assay (Cignal)
was utilized. For transient expression of a reporter gene, A549 cells
were transfected with the Cignal STAT3-luc construct, a Cignal
positive-control construct that constitutively expresses firefly lucifer-
ase (positive control) or a Cignal negative-control construct
(SABiosciences) using SureFECT. At 24 h post-transfection, cells
were infected with hMPV at an m.o.i. of 4. The infection continued
for 24 h. IL-6 (20 ng ml~') was added to the cells and the cells were
incubated for a further 8 h at 37 °C. Luciferase expression was
detected using a dual luciferase reporter assay system and an
AutoLumat Plus LB 953 (Berthold Technologies).

Analysis of host gene expression. At 48 h p.i., A549 cells were
treated with IL-6 (20 ng ml™") or with medium only and incubated
for 8 h at 37 °C. Total RNA was isolated using an RNeasy Mini kit
(Qiagen), which included a 10 min on-column DNase treatment. A
JAK/STAT RT? Profiler PCR array (SABiosciences) was used to
analyse host gene expression. The Bioscience web-based RT* pro-
filer PCR array data analysis program was used to calculate fold
regulation.

Staining of apoptotic cells and DNA fragmentation analysis.
A549 cells were infected with hMPV at an m.o.i. of 1. At 24 h p.i., the
cells were maintained in Opti-MEM supplemented with 2 % FBS and
IL-6 (20 ng ml~") for 20 h. To induce apoptosis, cycloheximide (5 pg
ml™") and TNF-o (10 ng ml~") were added to the cells and the cells
were incubated at 37 °C for 6 h. Annexin V and 7-aminoactinomycin
D (eBioscience) was used to stain apoptotic cells. Annexin V was used
at half the recommended dose and was added simultaneously with 7-
aminoactinomycin D. The cells were stained whilst incubating on ice,
and flow cytometry on a FACSCanto machine (BD Biosciences)
was performed immediately after staining. A Cell Death Detection
ELISA (Roche) was used, following the manufacturer’s instructions,
for quantitative analysis of cytoplasmic histone-associated DNA
fragments.

Data analysis. Results were compared using two-way ANOVA with
Bonferroni post-test findings and were consider statistically signifi-
cant at P<0.05.
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