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Abstract

Human metapneumovirus (hMPV) is a major cause of lower respiratory tract infections in infants,
elderly and immunocompromised patients. Little is known about the response to hMPV infection of
airway epithelial cells, which play a pivotal role in initiating and shaping innate and adaptive immune
responses. In this study, we analyzed the transcriptional profiles of airway epithelial cells infected
with hMPV using high-density oligonucleotide microarrays. Of the 47,400 transcripts and variants
represented on the Affimetrix GeneChip Human Genome HG-U133 plus 2 array, 1601 genes were
significantly altered following hMPV infection. Altered genes were then assigned to functional
categories and mapped to signaling pathways. Many up-regulated genes are involved in the initiation
of pro-inflammatory and antiviral immune responses, including chemokines, cytokines, type |
interferon and interferon-inducible proteins. Other important functional classes up-regulated by
hMPV infection include cellular signaling, gene transcription and apoptosis. Notably, genes
associated with antioxidant and membrane transport activity, several metabolic pathways and cell
proliferation were down-regulated in response to hMPV infection. Real-time PCR and Western blot
assays were used to confirm the expression of genes related to several of these functional groups.
The overall results of this study provides novel information on host gene expression upon infection
with hMPV and also serves as a foundation for future investigations of genes and pathways involved
in the pathogenesis of this important viral infection. Furthermore, it can facilitate a comparative
analysis of other paramyxoviral infections to determine the transcriptional changes that are conserved
versus the one that are specific to individual pathogens.

INTRODUCTION

Human metapneumovirus (hMPV) is a non-segmented negative sense RNA virus belonging
to the family of Paramyxoviridae. Since its discovery in 2001, hMPV has been identified as a
major cause of respiratory infections worldwide (Kahn, 2006). Virtually, all the children are
infected by the age of five (van den Hoogen, de Jong et al., 2001). Around 12% of all respiratory

*To whom correspondence should be addressed at: Department of Pediatrics, Division of Child Health Research Center 301 University
Blvd., Galveston, TX 77555-0366 Fax (409) 772-1761; Tel. (409) 747-0581 ancasola@utmb.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bao et al.

Page 2

tract infections in children are caused by hMPV (Kahn, 2006) (Williams, Harris et al., 2004) ,
second only to respiratory syncytial virus (RSV), another member of the Paramyxoviridae
family. HMPV also accounts for 10% of all hospitalizations of elderly patients with respiratory
tract infections (Falsey, Erdman et al., 2003) and is a significant pathogen in
immunocompromised patients (Williams, Martino et al., 2005).

The clinical features associated with hMPV in children are similar to those of RSV. hMPV is
associated with both upper and lower respiratory tract infections, as well as with asthma
exacerbation (Kahn, 2003)(Kahn, 2006)(Esper, Boucher et al., 2003). Fever, cough, tachypnea,
wheezing and hypoxia are frequently observed in infected children. In Children with a clinical
syndrome consistent with bronchiolitis, chest radiographs demonstrate hyperinflation, as well
as focal infiltrates and peribronchial cuffing (Williams, Harris et al., 2004).

As arecently identified virus, little is know about hMPV pathogenesis. Investigations done in
small rodent models of infection have shown that hMPV infection induced important
pulmonary inflammation, characterized by alveolitis, interstitial inflammation and increased
peribronchiolitis (Alvarez, Harrod et al., 2004)(Hamelin, Yim et al., 2005)(Williams, Tollefson
et al., 2005) (Wyde, Chetty et al., 2005). Airway remodeling and increased mucus production
was also observed in lungs of BALB/c mice (Hamelin, Prince et al., 2006). Although hMPV
shares similar epidemiological and clinical features with RSV (Principi, Bosis et al., 2006)
(Williams, Wang et al., 2006), we and others have shown that they induce a different spectrum
of cytokines and chemokines both in vitro, using dendritic cells, and in vivo, in a mouse model
of infection, or in children, suggesting two viruses have different ability to induce cellular
responses (Guerrero-Plata, Casola et al., 2005) (Jartti, van den Hoogen et al., 2002) (Laham,
Israele et al., 2004).

Similar to RSV, airway epithelial cells are the primary target of hMPV infection (Biacchesi,
Pham et al., 2006) (Alvarez, Harrod et al., 2004). Under normal conditions, the respiratory
epithelium represents the principal cellular barrier between the environment and the internal
milieu of the airways and is responsible for particulate clearance and surfactant secretion.
However, after exposure to infectious agents, airway epithelial cells are able to secrete a variety
of proinflammatory/immunoregulatory molecules, which induce the migration and activation
of leukocytes and therefore play a key role in inflammatory and infectious processes of the
lung. Here, we used high density oligonucleotide probe-based cDNA microarrays to investigate
host transcriptional responses induced by hMPV infection of airway epithelial cells. For these
studies, we used A549 cells, a well differentiated carcinoma-derived cell line that retains
features of type Il like alveolar epithelial cells (Smith, 1977). We have recently shown that
hMPV-induced chemokine expression in primary small alveolar epithelial cells (SAE) and
inA549 is similar, suggesting that A549 cells can be used as a model to study lower airway
epithelial cell responses to hMPV infection (Bao, Liu etal., 2007). Our results show that hMPV
infection induced significant changes in epithelial cell gene expression in a time-dependent
fashion. Expression levels of 1601 genes from different biological groups were significantly
altered over a period of 72 h. These differentially expressed genes suggested changes due to
hMPV infection in signaling pathway leading to the induction of inflammatory and
immunomodulatory molecules, to molecules involved in regulation of cellular signaling, gene
transcription, metabolic pathways, apoptosis and antioxidant responses .The above findings
will provide a foundation for future studies investigating the role of various genes and its
pathways in the pathogenesis of this important respiratory virus.

RESULTS AND DISCUSSION

We have used high-density microarrays analysis to obtain a comprehensive profile of gene
expression induced by hMPV infection. The raw data associated with gene expression profiles
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have been uploaded to GEO database with accession number GSE8961
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE8961). S+ Array Analyzer 2.1 a
module in S-PLUS 7.0 (Insightful Inc.) was used for background correction, summarization,
normalization and differential expression test. The probe level analysis was performed on the
CEL files using the RMA (Robust Multichip Analysis) which performs rma background
correction, quantiles normalizations and medianplish to summarize the probe sets. Probe sets
absent across all the chips both control and treated were filtered resulting in 30,667 genes. One
way Anova was performed on these genes and corrected for Type 1 error using Bonferroni.
Gene expression was first analyzed in mock-infected cells at 12 h and 48 h p.i. We found that
the transcriptional profile of these two control groups was not significantly different, indicating
that gene expression did not change over time in mock-infected cells. We therefore chose the
48 h mock-infected cell to compare to infected cells at different time points p.i. Microarray
analysis revealed that the expression level of 1601 genes was significantly modified (p-value
<0.05) over a period of 72 h in infected cells, indicating that hMPV induces profound changes
in global gene transcription. Fig.1A represents the number of genes that were filtered
significant from One way Anova at p-value<=0.05 and whose expression changed at least two-
fold in response to hMPV infection. At 6 h post-infection, a significant number of genes were
already modified in response to the virus, with the number of genes up-regulated slightly higher
than the number of genes down-regulated. At 12 and 24 h post-infection, up-regulated genes
dominated and were nearly 13 and 5 folds more than the down-regulated genes, respectively.
At 48 and 72 htime points, a total of 4.2% and 5.2% of genes were affected by hMPV infection,
respectively, with a ratio of up-regulated versus down-regulated genes no less than 2.

Differentially expressed genes were clustered on the expression profile over the 72 h time
course of infection using Spotfire DecisionSite 9.0, (Spotfire, Somerville, MA), to help
visualizing patterns of genes expression within and across clusters. The clustering algorithm
in Spotfire was performed on z-score normalized expression values. Color corresponds to the
expression level of the transcript with low, intermediate and high expression represented by
green, black, and red, respectively (Fig.1B). The differentially expressed genes were further
analyzed by K-mean clustering (n=12), to identify distinct expression patterns and correlation
between functional groups within clusters, i.e., genes that perform similar functions share
comparable expression profiles or their expression is regulated in a similar manner in the course
of hMPV infection (supplementary Fig.1, Tablel). For instance, the CXC chemokines GRO-
a, GRO-B, GRO-y, IL-8 and I-TAC clustered together in cluster 11, where genes were
progressively up over the 72 h period of infection. Similarly, cluster 4 has interferon regulatory
factors (IRFs), signal transducers and activators of transcription (STATS), two families of
transcription factors important for the regulation of chemokines, as well as interferons (IFNs)
and IFN-inducible genes together with hyperbolic pattern (peaking at 24hrs). All IFN-o. genes,
whose expression occur following the initial production of IFN-B, were grouped in pattern 5,
where up-regulation started after 24 h and peaked at 48 h post-infection. Of interest, several
antioxidant genes, i.e. microsomal glutathione S-transferase 1 (MGST1), MGST2, glutathione
S-transferase A4 (GSTAA4), and peroxiredoxin (PRDX)1,3 and 6 were progressively
downregulated in the course of infection and clustered together in pattern 10.

The genes with absolute fold change of 2 or more at each corresponding time point were further
analyzed for functional genomics with DAVID Bioinformatics Resources
(http://david.abcc.ncifcrf.gov/tools.jsp). The number of genes classified in functional groups
with an enrichment score >1.5 and P <0.05, was plotted in Fig. 2A and Fig. 2B (Supplementary
Table I1), representing the up- and down-regulated genes, respectively. Overall, h(MPV
infection caused significant increase in the expression of genes related to defense responses,
including genes necessary for innate and adaptive immune responses, regulation of gene
transcription and signal transduction, while simultaneously inhibiting the expression of genes
belonging to metabolic and catalytic pathways, cellular transport and cell cycle. To validate
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the data obtained by microarrays, we analyzed the expression of 16 different genes by real time
(RT)-PCR, as shown in Table I. Induction of the chemokines RANTES, IL-8, IP-10, GRO-a
and -B, the cytokines IL-6 and IFN-p, the signaling molecules RIG-1, TRAFL1, IKKe, IKB-a

and COX2, and the transcription factors NF-kB1/p50, Rel A/p65, IRF-1 and STAT1, following
hMPV infection, were all in accordance with the genes expression results. Important functional
classes of differentially expressed genes in response to hMPV infection are discussed below.

Proinflammatory chemokines and cytokines

The airway epithelium forms a defense barrier against environmental pathogens and plays an
important role in initialing pulmonary inflammatory and immune responses following invasion
of infectious agents (Garofalo & Haeberle, 2000). Like RSV, hMPV has been shown to be a
potent inducer of airway inflammation (Darniot, Petrella et al., 2005) (Hamelin, Prince et al.,
2006) (Crowe, Jr. & Williams, 2003). Much of the cellular response at sites of tissue
inflammation is controlled by gradients of chemotactic factors that direct leukocyte
transendothelial migration and movement through the extracellular matrix. The composition
of this cellular response is dependent upon the discrete target-cell selectivity of these
chemotactic molecules. Chemokines are a superfamily of cytokines that regulate the migration
and activation of leukocytes to the site of infections (Baggiolini, Dewald et al., 1997). They
have been classified in CXC, CC, C and CX3C subfamilies based on the number and position
of conserved cysteine residues (Baggiolini, 1998). Our results show that hMPV infection of
airway epithelial cells induced the expression of a variety of CXC (Fig.3A) and CC (Fig.3B)
chemokines, but not C or CX3C chemokines, in a time-dependent and replication-dependent
manner, as UV-inactivated virus failed to up-regulate chemokine, as well as cytokine, gene
expression (data not shown).

Similar to RSV (Zhang Y, Luxon et al., 2001), hMPV was a strong inducer of the ELR-
containing CXC chemokines IL-8, GRO-a,-f and -y, which recruit and activate neutrophils, a
prominent cell type seen in early airway inflammation induced by both RSV and hMPV in
experimental animal models of infection (Hamelin, Yim et al., 2005). Furthermore, significant
levels of IL-8 have been detected in respiratory secretions of hMPV-infected children with
bronchiolitis (Jartti, van den Hoogen, et al., 2002)(Laham, Israele et al., 2004).

Following an initial period of remarkable lung neutrophilia, mononuclear cells, including
macrophages/monocytes and lymphocytes, represent the majority of the lung inflammatory
cells present in animal models of hMPV infection (Hamelin, Yim et al., 2005). Non-ELR-
containing CXC chemokines recruit and activate T-lymphocytes and NK cells. Among the
non-ELR-containing CXC chemokines, hMPV induced the expression of IP-10 and I-TAC,
which are both interferon-inducible proteins and have been shown to play a role in limiting
viral replication in other infection models (Dufour, Dziejman et al., 2002)(Hamilton,
Mahalingam et al., 2004). Since human airway epithelial cells constitutively express the
CXCR3 receptor (Shahabuddin, Ji et al., 2006), which regulates epithelial cell movement and
binds both IP-10 and I-TAC, these two chemokines may also contribute to airway repair and
reconstitution.

Among the CC chemokines, hMPV induced the expression of RANTES, MCP-1, MIP-1aq,
MIP-1f and MIP-3a/Exodus-1. These molecules have been shown to activate a variety of cell
types, including monocytes, T-lymphocytes, eosinophils, basophils and dendritic cells, and
they are likely to play a significant role in the pathogenesis of hMPV-induced inflammatory
lung disease, as well as in the modulation of immune responses, as it has been previously shown
in RSV and other models of respiratory viral infections (Bonville, Lau et al., 2004)
(Domachowske, Bonville et al., 2000)(Haeberle, Kuziel et al., 2001). In contrast to RSV
(Zhang, Luxon et al., 2001), we did not detect induction of the CX3C chemokine fractalkine,
a unique chemokine that fulfill the dual functions of an adhesion molecule and a
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chemoattractant, by recruiting NK cells, cytolytic T-cells and macrophages (Stievano, Piovan
et al., 2004).

Chemokine induction in response to hMPV infection was also investigated by Bio-plex assays,
shown in Table II. Similar to gene expression profiles, there was a time-dependent increase in
the secretion of CXC chemokines, such as IL-8 and IP-10, and CC chemokines, such as MCP-1,
MIP-1a and - and RANTES. UV-inactivated virus stimulation did not induce a significant
increase in chemokine secretion, similar to what we have previously reported (Bao, Liu et al.,
2007).

Fig.3C shows hMPV-induced changes in cytokine gene expression. IL-10 and IL-6 are the
prototype of pro-inflammatory cytokines, whose inducible secretion has been recently
demonstrated both in animal models and in children with bronchiolitis in response to hMPV
infection (Guerrero-Plata, Casola, & Garofalo, 2005)(Laham, Israele et al., 2004). Similar to
RSV, hMPV infection has been associated with wheezing and also with airway
hyperresponsivenes, in a mouse model of infection (Hamelin, Prince et al., 2006). IL-11 is a
cytokine that has been linked to airway remodeling, as well as airway hyperresponsiveness
(Zheng, Zhu et al., 2001). It has been detected in vivo in children with detectable wheezing
and viral infections, including RSV (Einarsson, Geba et al., 1996), suggesting that IL-11 can
play an important role in the pathogenesis of hMPV-induced lung disease. IL-32 is a recently
identified cytokine, which can be considered pro-inflammatory as it induces expression of
multiple cytokines and chemokines in stimulated cells (Kim, Han et al., 2005). This is the first
time that a viral infection has been shown to induce IL-32 expression in airway epithelial cells,
although it can be produced by epithelial cells in response to interferon stimulation (Kim, Han
et al., 2005).

Interferon response

Interferons (IFNs) are a superfamily of cytokines with antiviral, as well as antiproliferative and
immunomodulatory functions (Smith, Lombardi et al., 2005). Type | IFNs, which include IFN-
a,-B and A, are the first line of defense against viral infections and their expression is tightly
regulated [Reviewed in (Stetson & Medzhitov, 2006)].. Their activity depend on the expression
of a large set of interferon-stimulated genes (ISGs), of which Mx proteins, 2-5 oligoadenylate
synthetase (OAS), and double-stranded RNA-activated protein kinase R (PKR) are the best
characterized (Smith, Lombardi, & Foster, 2005). Microarray analysis showed that hMPV
infection induced very significant changes in type | IFN and ISG gene transcription (Fig.4).
IFN-B, -A1 and —A2 (also known as IL-28 and -29) genes were the first to be induced, starting
between 6 and 12 h post-infection, with a continuous increase in their level of expression up
to 72 h (Fig.4B). Induction of IFN-a genes was lower and more transient, compared to IFN-
B and —A, starting at 24 h, peaking at 48 h, and returning almost back to control levels by 72 h
post-infection (Fig.4A). This pattern of expression is in agreement with the knowledge that
IFN-B gene expression is a primary cellular response to viral infection and with the recent
findings that IFN-B and —A genes share a common mechanism of induction (Onoguchi,
Yoneyama et al., 2007), which is dependent on activation of the transcription factors NF-«xB,
IRF-3 and AP-1 (Hiscott, Pitha et al., 1999), constitutively expressed in infected cells. On the
other hand, IFN-a gene expression is a secondary event in the course of the infection and
depends on IFN-p induction of the transcription factor IRF-7 (Sato, Suemori etal., 2000). These
results confirms our previous findings in vitro and in vivo that hMPV is a better inducer of
IFN-a than RSV, which does not upregulate IFN-a expression in either epithelial cells (Spann,
Tran et al., 2004) or in monocyte-derived dendritic cells (Guerrero-Plata, Casola et al., 2006)
and induce lower levels of IFN-a. in a mouse model of infection (Guerrero-Plata, Baron et al.,
2005), likely due to the absence in the hMPV genome of the two non-structural (NS) proteins
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NS1 and NS2, which have been reported to inhibit type | IFN-mediated signaling
(Ramaswamy, Shi et al., 2006) (Lo, Brazas et al., 2005)(Spann, Tran et al., 2005).

hMPV-induced expression of type | IFNs was paralleled by the upregulation of several
important antiviral genes, including Mx proteins, OASs and 1SG20, as shown in Fig.4C. Mx
proteins are a family of dynamin-like GTPases that mediate their effect by sequestering viral
nucleocapsids, making them not accessible for viral replication. An antiviral effect of MxA
has been demonstrated for various types of viral infections, mostly due to negative sense RNA
viruses, including orthomyxoviruses and paramyxoviruses, while the anti-viral function of
MxB has not been well defined [Reviewed in (Nagata & Mibayashi, 1997)]. MxA protein is
specifically induced by type | IFNs and is a reliable biomarker of IFN- activity (Pachner,
Bertolotto etal., 2003). Promoter sequence analysis indicated that MxA contains two functional
IFN-stimulated response elements (ISRE), common to many ISG gene promaoters, which are
essential for IFN-induced gene transcription (Ronni, Matikainen et al., 1998). MxA gene was
significantly up-regulated (25 folds) in response to hMPV infection, while MxB gene was
induced at a much lower level, suggesting that MxA is the protein likely to play a role as an
antiviral ISG in response to hMPV.

2'-5'-oligoadenylate synthetases (OASs) were among the first interferon-induced antiviral
enzymes to be discovered. Activation of OAS has been associated with many viral infections,
including West Nile virus, influenza A and RSV (Ronni, Matikainen et al., 1997) (Torrence,
1999) (Lucas, Mashimo et al., 2003). The function of 2'-5' oligoadenylate synthetase is to
produce 5’-phosphorylated, 2'-5'-linked oligoadenylates (2-5A) and activate RNase L, which
is required for IFN-mediated antiviral response (Malathi, Paranjape et al., 2005). hMPV
infection induced the expression of all four members of the OAS family, in particular of the
OASL protein, a recently identified protein whose function is still relatively unknown
(Eskildsen, Hartmann et al., 2002).

Similarly, hMPV was a strong inducer of 1SG20, a new 3'-->5' exoribonuclease with activity
specific for single-stranded RNA, that represents a novel antiviral pathway against viral
infections (Espert, Degols et al., 2003). Its cellular expression confers resistance to a variety
of RNA viruses, including vesicular stomatitis virus (VSV), influenza virus, and
encephalomyocarditis virus, but not to DNA viruses (Espert, Degols et al., 2003). Whether
I1SG20 has antiviral activity in the contest of hMPV infection needs further investigation.

Among the interferon inducible genes, hMPV induced the expression of several members of
the tripartite motif (TRIM) family, which consists of proteins characterized by a tripartite
structure (Fig.4D). Several of these proteins have been identified as mediators of antiviral
responses to retroviruses, in particular HIV [Reviewed in (Nisole, Stoye et al., 2005)].
However, since TRIM proteins can form high order molecular weight structures located in
various cellular compartments, they have the capability of interfere with a variety of viral
infections, representing a new class of antiviral proteins involved in innate immune responses.
Among the TRIM proteins induced by hMPV infection, TRIM 22, also known as Staf50,
showed the highest level of expression, similar to IFN-B, -A1 and —A2 genes. It is intriguing to
speculate that TRIM22 could play a role in regulating hMPV antiviral cellular state. To
investigate whether the expression of interferon and interferon-dependent genes would affect
hMPV replication, we determined net production of viral infectious particles at various time
points p.i. Cells were infected at MOI of 1, cell supernatant was collected every 24 h and totally
replaced each time with fresh media, up to 72 h p.i., to measure viral titers. There was a
progressive decrease in total viral particles production, from 24 to 72 h p.i., suggesting that
viral replication is inhibited during the time course of infection (5.1+0.7x103 at 24 h, 6.2
+0.5x102 at 48 h and 7.2+0.7x101 pfu/ml at 72 h p.i.). We are currently investigating this
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possibility using different approaches including overexpression studies and gene expression
silencing by siRNA.

Transcription factors

We have previously shown that RSV infection of airway epithelial cells activates several
families of transcription factors involved in the regulation of proinflammatory and
immunomodulatory mediators (Casola, Garofalo et al., 2001) (Casola, Garofalo et al., 2000)
(Liu, Castro et al., 2003). Microarray analysis shows that hMPV induced the expression of
many transcription factors, including nuclear factor (NF)-«B, interferon regulatory factors
(IRFs), activating protein (AP)-1, cyclic AMP responsive element-binding (CREB) proteins,
C/EBPs and signal transducers and activators of transcription (STATS) (supplementary table
Il and Fig.5). NF-xB is a well-characterized family of proteins involved in the expression of
chemokines (e.g. IL-8 and RANTES), adhesion molecules (e. g., ICAM, VCAM, E-selectin),
inducible enzymes (COX-2 and iNOS), growth factors, acute phase proteins, and receptors
[Reviewed in (Nam, 2006)]. Among the different NF-kB family members, hMPV induced the
expression of the p50 and p65 (also known as Rel A) subunits, which we have previously shown
to play a critical role in modulation of cellular and inflammatory/immune processes in response
to RSV infection (Haeberle, Casola et al., 2004) (Tian B, Zhang Y et al., 2002). We have
recently shown that hMPV infection of A549 cells induces nuclear translocation and DNA-
binding of both p50 and p65 NF-xB subunits, indicating that both proteins are activated in
response to the infection (Bao, Liu et al., 2007). Their specific role in hMPV infection is
currently being investigated.

IRFs regulate the expression of type | IFN and chemokines [Reviewed in (Barnes, Lubyova et
al., 2002)]. IRF-1 and -3 are necessary for RSV-induced RANTES gene transcription (Casola,
Garofalo et al., 2001), and they also bind to the ISRE of the IFN-B gene promoter (Hiscott,
Pitha et al., 1999). Binding of IFN-f to its receptor activates STAT1 and STAT2, which,
together with IRF-9, form the ISGF3 complex, responsible for the expression of a variety of
ISGs, including IRF-7, which is required for IFN-o gene expression (Sato, Suemori et al.,
2000). HMPV-induced IRF-1 expression fell in the same cluster of IFN-$ and —A, with
significant induction starting at 12 h post-infection, suggesting that regulation of these two IFN
genes are IRF dependent (data not shown). Similarly, hMPV-induced STAT1 and STAT2 and
IRF-9 cluster with several of the interferon-induced genes, including OAS, MxA and TAP,
which are part of pattern 4 gene expression, shown in supplementary Fig.1. We have recently
shown that hMPV infection induces activation of IRF-1, 3, 7 and 9, as well as of STAT1 and
2 (Bao, Liu et al., 2007), and we are currently investigating their role in hMPV-induced
signaling.

Other than NF-xB, IRFs and STATSs, hMPV infection induced the expression of AP-1-binding
transcription factors (Jun and FOS), CREB proteins (ATF3 and CREB 5), as well as C/EBP
proteins (C/EBP, also known as NF-I1L6 and C/EBPY), all of which have been previously
shown to play an important role in RSV-induced cytokine and chemokine gene expression
(Casola, Garofalo et al., 2001)(Casola, Garofalo et al., 2000)(Jamaluddin, Garofalo et al.,
1996). Further studies will define their contribution to hMPV-induced gene expression.

Signal transduction

Detection of viral infection and subsequent activation of intracellular signaling pathways is
virus- and cell type-dependent. Toll-like receptors (TLRS) and cytoplasmic RNA binding
proteins, including IFN-induced double-stranded RNA-dependent protein kinase (PKR) and
RNA helicases, such as retinoic acid-inducible gene-1 (RIG-I) and melanoma differentiation
associated gene-5 (MDA-5), have been identified as the major molecules responsible for
recognition of viral infection and activation of signaling cascades (Aderem & Ulevitch,
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2000) (Akira, Uematsu et al., 2006) (Akira & Takeda, 2004) (Kawai & Akira, 2006a) (Takeda
& Akira, 2005). TLRs have been shown to activate innate immune response by recognizing
different pathogen-associated molecular patterns (PAMPSs). So far, 10 members of TLRs have
been identified in humans, and 13 in mice. Among those, TLR3, 4, 7, 8 and 9 have been shown
to be involved in the innate response to viral infections [Reviewed in (Kawai & Akira,
2006b) (Takeda & Akira, 2005)]. TLR signaling is initiated by the interaction between the
cytoplasmic domain of TLR with TIR-domain-containing cytosolic adaptors. Myeloid
differentiation primary response protein 88 (MyD88) is a common TIR-domain-containing
adaptor of all TLRs except for TLR-3 (Pandey & Agrawal, 2006) (Kaisho & Akira, 2006)
(Akira, Uematsu, & Takeuchi, 2006) (Yamamoto, Sato et al., 2003a) (Kawai & Akira,
2006a). During viral infection, MyD88 recruits member of the interleukin-1 receptor-
associated kinase-1 and/or - 4 (IRAK), to activate transcription factors belonging to the NF-
kB and AP-1 family via TRAFG6 (Yang, Puel et al., 2005) (Jefferies, Bowie et al., 2001) (Sato,
Takahashi et al., 2004). TLR-3 and -4 mediated activation of NF-xB and IRFs, in part through
induction of the IxB kinase (IKK)-like molecules IKKe/TBK-1, occurs through TRIF and
TRAM adaptor molecules, respectively (Kawai & Akira, 2006b) (Yamamoto, Sato et al.,
2003b).

Among the non-TLR cellular viral sensors, the RNA helicases RIG-I and MDA-5 have been
shown critical to detect viral infections and trigger cellular signaling in a TLR-independent
manner (Kato, Sato et al., 2005)(Kato, Takeuchi et al., 2006) (Yoneyama, Kikuchi et al.,
2004). Both RIG-1 and MDA-5 share an homologous CARD domain (Hiscott, Lin et al.,
2006) (Johnson & Gale, Jr., 2006), important for interaction with the recently identified
mitochondrial adaptor protein MAVS (also known as IPS-1 or VISA/Cardif), which mediates
IRF and NF-xB activation, in part through IKKe/TBK-1 induction (Hiscott, Lin, Nakhaei, &
Paz, 2006) (Kawai, Takahashi et al., 2005).

Microarray analysis shows that hMPV infection induced the expression of TLR-3, some of the
TLR-adaptor molecules, RIG-1 and MDA-5, as well as downstream signaling molecules such
as IKKe (supplementary Table Il and Fig.6A and B), suggesting that hMPV might use both
TLR-dependent and -independent pathways to activate signaling cascades in airway epithelial
cells, similar to what we have recently shown for RSV infection (Liu, Jamaluddin et al.,
2007). Western blot analysis confirmed the expression of RIG-1, MDAS and IKKe (Fig.6D)
and preliminary studies indeed suggest that both RNA helicases and their downstream effector
molecules MAVS and IKKe play a significant role in hMPV-induced gene expression (S. Liao,
personal communication). The role of TLR s in hMPV-dependent cellular signaling is currently
being investigated.

Mitogen-activated protein kinase (MAPK) cascade represents a multifunctional signaling
network that regulates a variety of cellular functions, in response to pathogen exposure,
including the expression of cytokines and chemokines, cell growth, differentiation, and
apoptosis (Seger & Krebs, 1995) (Fenton & Sinclair, 1999). The characteristic feature of this
pathway is that it is initiated by a serine/threonine kinase called MAP kinase kinase kinase
(MAPKKK), which then activates a unique threonine-tyrosine kinase, MAP kinase kinase
(MAPKK). The latter activates the molecules of the MAP kinase family, of which extracellular
signal-regulated kinase (ERK), p38 and c-Jun-terminal kinase (JNK) are the best characterized
members (Karin, 1998b). They regulate activation of transcription factors belonging to the
AP-1, CREB and NF-kB families (Karin, 1998a)(Karin, 1995) (Karin & Delhase, 1998). From
the microarray analysis, we identified several members of MAPK pathway that respond to
hMPV infection, including MAP kinase kinase 3 (MAP2K3), kinase kinase kinase 8 and 14
(MAP3K8 and 14) and kinase kinase kinase kinase 4 (MAP4K4) (Fig.6C). MAPK cascade
activation plays a critical role in cellular responses to viral infections, including influenza A,
varicella zoster virus and herpes virus (Zachos, Clements et al., 1999) (Ludwig, Ehrhardt et
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al., 2001) (Zapata, Nakatsugawa et al., 2006). We and other have shown that RSV induces
activation of ERK and p38, which both play a role in RSV-induced chemokine gene expression
(Chen, Monick et al., 2000) (Pazdrak, Olszewska-Pazdrak et al., 2002). Whether MAPK
pathway is involved in hMPV-induced cellular responses remains to be clarified.

Antioxidants

Reactive oxygen species (ROS) are ubiquitous, highly diffusable and reactive molecules
produced as a result of reduction of molecular oxygen, including species such as hydrogen
peroxide, superoxide anion, and hydroxyl radical, and they have been implicated in damaging
cellular components like lipids, proteins and DNA. Cells are protected against oxidative
damage by well developed enzymatic and honenzymatic antioxidant systems, including
superoxide dismutase (SOD), catalase, glutathione-dependent enzymes, thioredoxin, and
peroxiredoxins, which protect cells against ROS and cytotoxic products of lipid peroxidation.
Inducible ROS generation has been shown following stimulation with a variety of molecules,
like cytokines and growth factors, and infection with certain viruses, like HIV, Hepatitis B,
influenza, rhinovirus and RSV [reviewed by (Schwarz, 1996)] Indeed, oxidative stress has
been shown to play an important role in the pathogenesis of acute and chronic lung diseases,
including respiratory infections, as we have recently demonstrated for RSV(Castro, Guerrero-
Plata et al., 2006) (Indukuri, Castro et al., 2006). Among the functional groups downregulated
by hMPV infection, we found that genes involved in cellular antioxidant responses were
significantly overrepresented (Supplementary Table Il and Fig.7A), suggesting that hMPV
infection could lead to cellular oxidative damage. To determine whether hMPV induced
oxidative stress in airway epithelial cells, we investigated F,-isoprostane production in A549
cells either uninfected or infected with hMPV at various time points post-infection (p.i.). There
was a progressive increase in F,-isoprostane levels in hMPV-infected cells at all time points,
with a ~ 20 and 30 fold increase at 15 and 24 h p.i. respectively, when compared to control
cells (Fig.7B). Similarly, there was a significant increase in other lipid peroxidation products,
such as malondialedyde (MDA) or 4-hydroxynenal (4-HNE), at various time points of infection
(data not shown), indicating that hMPV induces significant oxidative stress in airway epithelial
cells.

To investigate the effect of hMPV infection on the expression of AOE in A549 cells, as a
protective mechanism against oxidative damage, superoxide dismutase (SOD 1, 2 and 3),
catalase and glutathione S-transferase (GST) protein expression was evaluated by Western blot
analysis. A549 cells were infected with hMPV, MOI of 1, and harvested at 15, 24 and 48 h p.i.
There was a progressive decrease of SOD 3, catalase and GST expression levels in infected
A549 cells, compared to uninfected cells, while SOD 2 increased with the progression of viral
infection (Fig.7C). There was no change in SOD 1 expression (data not shown). These data
strongly suggest that the cellular antioxidant capacity is diminished in response to hMPV
infection leading to significant oxidative stress in airway epithelial cells.

In summary, microarray studies can yield considerable novel information on the host cellular
responses to hMPV infection and can serve as a foundation for future investigations aimed to
understand the role of the identified genes and pathways in initiating antiviral, as well as innate
and adaptive immune responses to this important pathogen.

MATERIALS AND METHODS

Cell culture and viral preparation

LLC-MK2 cells were maintained in MEM supplemented with 10% Fetal Bovine Serum (FBS),
Penicillin and Streptomycin (100U/ml). A549 cells were maintained in F12K medium
containing 10% (v/v) FBS, 10 mM glutamine, 100 IU/ml penicillin and 100 pg/ml
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streptomycin. Cell cultures were routinely screened for mycoplasma contamination. Viral
stocks were obtained by infecting LLC-MK2 cells at MOI of 0.1. Around day 5-7 post-
infection, cells were disrupted using glass beads, and then scraped completely from the flasks.
Total medium was collected and sonicated on ice for 5 minutes. The preparation was then
vortexed and centrifuged at 2900g for 15 minutes on ice. Crude virus was collected and then
purified on a sucrose cushion. Viral titer was determined by immunostaining, as previously
described (Guerrero-Plata, Casola et al., 2006). Viral preparations were routinely tested for
LPS and cytokine contamination. Confluent cells were infected with hMPV in serum-free
media with 1.0 ng trypsin/ml at a multiplicity of infection (MOI) of 1, which leads to 65-70%
infected cells at 48 h p.i.. Mock-infected cells, defined as control or uninfected cells throughout
the manuscript, were treated with same amount of sucrose and the same viral infection media.

High-density oligonucleotide probe-based microarrays

Confluent monolayers of A549 cells were infected with hMPV at MOI of 1 in serum-free media
and harvested at 6, 12, 24, 48, or 72 hours post-infection to extract total RNA using
RNAgqueous®-Midi Kit (Ambion, Austin, TX), according to manufacturer’s instruction. Ten
microgram of total RNA from control or infected cells was first converted to cDNA utilizing
a T7-oligo (dT) primer. The synthesized cDNA was then used as a template to synthesis
biotinylated cRNA, using bacteriophage T7 RNA polymerase. The biotinylated cRNA was
fragmented to a mean size of 200 bases and hybridized to HG-U133 plus 2.0 Gene Chip array
(Affymetrix, Santa Clara,CA), containing 47,400 sequenced human genes. Hybridization of
HG-U133 plus 2.0 Array was performed at 45 °C for 16 h. Staining with phycoerythrin-
streptavidin was then performed after non-stringent and stringent washes. Gene Chip arrays
were scanned using a Gene Array Scanner (Hewlett Packard). All cRNA fragmentation,
hybridization and scanning steps were performed at the Genomics Core of Sealy Center
Molecular Science, University of Texas Medical Branch, Galveston, Texas, as previously
described (Tian, Zhang et al., 2002) (Zhang, Luxon et al., 2001) Experiments were repeated
in triplicate to investigate the reproducibility of gene expression profiling.

Microarray Data Processing

S+ Array Analyzer2.1 (S+AA) a statistical package from S-PLUS7.0 (Insightful Corporation,
Seattle, WA) was used to analyze the microarray data. This software has the enhanced data
import, QC diagnostics, normalization and differential testing methods for array analysis.
Probe level data analysis was performed with CEL files. The probe level data was first subjected
to pre-processing (correcting for background correction and non-specific binding,
summarization) and normalization steps. The Robust Multichip Analysis (RMA) method in S
+ Array Analyzer returns data that has been corrected using rma background correction, PM
correction, quantiles normalization and median polish to summarize the probe sets. The
quantiles method for normalization assumes an underlying common distribution, thus
normalizing the chips so that their quantiles have the same value. One way Anova (Analysis
of Variance) was performed on the data processed through RMA method (Irizarry, Hobbs et
al., 2003). ANOVA was done on various time points of hMPV infection (6, 12, 24, 48 and 72
hrs) and using mock infection at 48 h as baseline. Bonferroni (Family-Wise Error Rate) was
used to control for Type 1 errors. Data were further analyzed with clustering algorithm (Spotfire
Decision Site9.0, Spotfire Inc, Somerville, MA) to study the patterns of gene expression
induced by HMPV infection. Microarray raw data and analysis have been deposited in the
NCBI GEO database under the accession number GSE8961.

Functional Analysis

To map the genes from gene lists to GENE Ontology categories and calculate whether these
categories are over-represented in the gene lists compared to their occurrence on the chip,
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functional annotation clustering tool from DAVID Bioinformaticx Resources 2007, NIAID/
NIH (http://david.abcc.ncifcrf.gov/summary.jsp) was used
(http://scholar.google.com/scholar?num=100&hl=en&Ir=&cites=17546728891026140932).
The list of differentially expressed genes, up- or down-regulated by >2 fold in hMPV-infected
cells, was uploaded into the tool. The categories with enrichment score >1.5 and P <0.05 were
organized into a table (Supplementary Fig.2).

Real-time PCR

Bio-Plex

Total RNA from cells, uninfected or infected, was prepared as described above. For
amplification of specific gene mMRNA, Quantitative Real Time PCR (Q-RT-PCR) Applied
Biosystems assays-on-demand 20x mix of primers and TagMan MGB probes (FAM-dye
labeled) for target genes and 18S rRNA (VIC-dye labeled probe) TagMan assay reagent (P/N
4319413E) for controls were used. Separate tubes (singleplex) one-step RT-PCR was
performed with 80 ng RNA for both target genes and endogenous control. The cycling
parameters for one-step RT-PCR were: reverse transcription at 48 °C for 30 min, AmpliTag
activation at 95 °C for 10 min, denaturation at 95 °C for 15 s and annealing/extension at 60 °
C for 1 min (repeat 30 times) on AB17000. Duplicate CT values were analyzed in Microsoft
Excel using the comparative CT (AACT) method as described by the manufacturer (Applied
Biosystems, Foster City, CA). The amount of target (2-AACT) was obtained by normalizing
to endogenous reference (18S) sample.

Chemokines and cytokines (IL-1RA, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12
p70, IL-13, IL-17, G-CSF, GM-CSF, IFN-y, IP-10 ,EOTAXIN, MIP-1a, MIP-1B, GCSF,
FGFB, PDGF, VEGF and TNF-a) were quantified by the Luminex-based Bio-Plex system
(Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s instructions. The lower
limit of detection for all cytokines measured by Bio-Plex is 3 pg/ml.

Western blot analysis

Total cell lysates from uninfected and infected A549 cells were prepared using RIPA buffer,
as previously described (Garofalo, Sabry et al., 1996). Proteins were normalized by protein
assay (Bio-Rad, Hercules, CA), fractionated by SDS-PAGE, and transferred to polyvinylidene
difluoride membranes. Membranes were blocked with 5% milk in TBS-Tween and incubated
proper primary antibodies according to manufacturer’s instruction. The primary antibodies for
RIG-I and MAVS were a generous gift from Dr Julkunen, National Public Health Institute,
Finland. The antibody against MDA-5 was from Imgenex (San Diego, CA). Antibodies for
superoxide dismutase (SOD) 1, 2 3 and catalase were from Stressgen Bioreagents (Victoria,
BC, Canada). Antibody for glutathione-s-transferase (GST) was a generous gift of Dr Amasthi,
Biochemistry & Molecular Biology, UTMB. Appropriate peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) were used after primary antibody incubation. Proteins
were detected by autoradiography using ECL regular or plus (Amersham Pharmacia Biotech)
according to manufacturer‘s protocol. Equal loading of proteins was evaluated by stripping
and reprobing the membranes with p-actin antibody.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Early

Fig.1. Host transcriptional responses induced by hMPV

(A) Kinetics of changes in genes expression. Total RNA extracted from uninfected and
hMPV-infected A549 cells were hybridized to the HG-U133 plus 2.0 GeneChip Arrays, as
described in Methods. The genes, filtered as significant in response to hMPV infection at p-
value<=0.05 and with a fold change of two or above, compared to baseline (uninfected), are
represented at various time post-infection. Fold change is calculated on average expression
values for each time point compared to the baseline. (B) Clustering and heat map analysis of
hMPV-regulated genes. The expression pattern of genes significantly altered in response to
hMPV infection is represented as a hierarchical clustering, using UPGMA (Unweighted Pair-
Group Method with Arithmetic mean) with Euclidean distance measure. The heat map is an
intensity plot which represents the clusters within the dataset. The column dendrogram
represent the cluster within the time post h(MPV infection and row dendrogram represent the
genes clusters with similar pattern within and across time points. The red color represents the
up-regulation and green the down-regulation of gene expression over time. Treatment
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conditions are indicated at the bottom of the figure: C represents the uninfected cells; 6 h, 12
h, 24 h, 48 h and 72 h indicate the time points of hMPV infection.
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Fig.2. Gene ontology analysis of hMPV-induced transcriptional responses

The genes filtered as significant in response to hMPV infection at p-value<=0.05 and with a
fold change of two or above, compared to baseline (uninfected), were analyzed using the gene
ontology tool available in http://david.abcc.ncifcrf.gov and grouped using medium
classification stringency. The representative groups with enrichment score of 1.5 or above and
P value of 0.01 or less are presented in_(A) for the up-regulated genes and in (B) for the down-

regulated genes.
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Fig.3. Changes in chemokine and cytokine expression after hMPV infection

Ab549 cells were infected with hMPV at MOI of 1 for various length of time. Total RNA was
extracted from control and infected cells and subjected to a microarray analysis, as described
in Methods. Induction of CXC chemokines (A), CC chemokines (B) and cytokines (C) genes
is plotted as a function of time. Fold change represents the ratio of gene expression level of
infected versus uninfected cells at the different time points.
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Fig.4. Changes in the expression of interferons (IFN) and interferon stimulated genes (ISGs) after
hMPV infection
Ab549 cells were infected with hMPV at MOI of 1 for various length of time. Total RNA was
extracted from control and infected cells and subjected to a microarray analysis, as described
in Methods. Induction of IFN-o. (A), IFN-B and -A (B), ISG (C) and TRIM (D) genes is plotted
as a function of time. Fold change represents the ratio of gene expression level of infected

versus uninfected cells at the different time points.
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Fig.5. Induction of transcription factors after hMPV infection

A549 cells were infected with hMPV at MOI of 1 for various length of time. Total RNA was
extracted from control and infected cells and subjected to a microarray analysis, as described
in Methods. Induction of transcription factor genes is plotted as a function of time. Fold change
represents the ratio of gene expression level of infected versus uninfected cells at the different
time points.
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Fig.6. Induction of TLRs, RNA helicases and MAPK signaling cascade molecules after h(MPV
infection

Ab549 cells were infected with hMPV at MOI of 1 for various length of time. Total RNA was
extracted from control and infected cells and subjected to a microarray analysis, as described
in Methods. Induction of TLR-related signaling molecules (A), RNA helicases (B), and
signaling molecules related to the MAPK signaling cascade (C) is plotted as a function of time.
Fold change represents the ratio of gene expression level of infected versus uninfected cells at
the different time points. (D) Total cell lysates, prepared from A549 cells uninfected or infected
with hMPV, MOI of 1, RSV for 6, 12 and 24 h were resolved on 10% SDS-PAGE and Western
blot was performed using antibodies against RIG-I, MDA-5 and IKKe. Membranes were
stripped and reprobed for B-actin as an internal control for protein integrity and loading.
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Fig.7. Downregulation of antioxidant gene expression after hMPYV infection

(A). Total RNA from control or infected A549 cells was subjected to a microarray analysis.
The reduced induction of antioxidant genes is plotted as a function of time. Fold change
represents the ratio of gene expression level of infected versus uninfected cells at the different
time points. (B). A549 cells were infected with hMPV, MOI of 3, and harvested at 3, 6, 15 and
24 h post-infection to measure F2—isoprostanes. The figure is representative of two different
experiments done in triplicate. (C). Total cell lysates, prepared from A549 cells uninfected or
infected with hMPV, MOI of 3, for 15,24 and 48 h were resolved on 10% SDS-PAGE and
Western blot was performed using antibodies against SOD 2, 3, catalase and GST. Membranes
were stripped and reprobed for B-actin as an internal control for protein integrity and loading.
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Validation of hMPV-induced gene expression by real-time PCR?
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Gene symbol GeneBank No. Fold induction
GRO-a NM 001511 9
GRO-B M57731 11

IL-8 NM 000584 >20
1P-10 NM 001565 >20
RANTES AF043341 >20
IL-6 NM 000600 >2
IFNB1 NM 002176 >20
RIG-I Al304317 >20
COX-2 AY151286 >20
TRAF-1 NM 005658 10
IKBa Al078167 >20
IKKe NM 014002 5
STAT-1 BC002704 >20
IRF-1 NM 002198 >20
NF-xB1 M55643 10
RELA/P65 NM 021975 >20

aRNA extracted from uninfected or hMPV-infected cells for 12 h was used as template for RT-PCR, as described in Methods. Fold induction represents
change in level of target gene expression, after normalization to an endogenous reference (18S) sample, in hMPV-infected versus uninfected cells.
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