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Respiratory syncytial virus (RSV) is the most common cause of childhood viral bronchiolitis and lung injury.
Inflammatory responses significantly contribute to lung pathologies during RSV infections and bronchiolitis but
the exact mechanisms have not been completely defined. The double-stranded RNA-activated protein kinase
(PKR) functions to inhibit viral replication and participates in several signahn; pathways associated with innate
inflammatory immune responses. Using a functionally defective PKR (PKR™’ 7) mouse model, we investigated
the role of this kinase in early events of RSV-induced inflammation. Our data showed that bronchoalveolar
lavage (BAL) fluid from infected PKR™/~ mice had significantly lower levels of several innate inflammatory
cytokines and chemokines. Histological examinations revealed that there was less lung injury in infected
PKR ™/~ mice as compared to the wild type. A genome-wide analysis showed that several early antiviral and
immune regulatory genes were affected by PKR activation. These data suggest that PKR is a signaling molecule

for immune responses during RSV infections.

Introduction

ESPIRATORY SYNCYTIAL VIRUS (RSV) accounts for the

majority of virus-associated respiratory illnesses in early
infancy (Hall and others 1976; McIntosh and others 1978).
Although RSV infections are well tolerated in healthy indi-
viduals, resulting in a mild respiratory infection, amongst the
very young, the elderly, or immunocompromised patients,
severe respiratory disease leading to hospitalization and
death can occur (Moore and Peebles 2006). Several studies
have revealed that during RSV infections lung injury is me-
diated both by direct viral damage and by the inflammatory
responses elicited against the virus (Tripp and others 2000;
Durbin and others 2002; Rutigliano and Graham 2004). Thus
far, the molecular mechanisms of RSV-induced inflammation
and lung injury are not yet completely understood.

Studies by Tripp et al. and Estripeaut et al. using murine
models showed that chemokines and cytokines MIP-1q,
MCP-1, IP-10, and IFN-y were induced within 24 h by RSV
infections (Tripp and others 2000; Estripeaut and others
2008). Interestingly, the study by Tripp et al. showed that
chemokine induction was maximally induced at 8h post-
infection, which was subsequently reduced by 18h post-
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infection (Tripp and others 2000). In addition, both in vivo
and in vitro studies have shown that in response to RSV
infection, several cytokines including TNF-a, IL-1, IL-6,
IFN-B are potently induced (Midulla and others 1993; Noah
and Becker 1993; Arnold and others 1994; Matsuda and
others 1995; Meusel and Imani 2003; McNamara and others
2004).

While there is evidence that these cytokines and chemo-
kines are important for immune responses against viral in-
fections, they can also be deleterious by contributing to tissue
injury. TNF-o, in particular, has been shown to lead to lung
injury and exacerbate RSV-associated pathologies in mice
(Neuzil and others 1996; Zhao and others 2000; Hussell and
others 2001; Rutigliano and Graham 2004). In addition to
cytokines, chemokines have also been linked to the severity
of RSV-associated disease. In vitro exposure of both primary
human airway epithelial cells and human airway epithelial
cell lines to RSV resulted in the production of several che-
mokines (Olszewska-Pazdrak and others 1998; Zhang and
others 2001), and high levels of chemokines were found to be
associated with severe inflammation in RSV-infected infants
and young children (Sheeran and others 1999; Welliver and
others 2002).
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We hypothesized that the double-stranded RNA-activated
protein kinase (PKR) may be important in the early events
during RSV infection and may likely be involved in recruit-
ment of inflammatory cells into the lungs. The role of PKR in
anti-RSV responses in vivo has not been previously reported.
PKR is a cytoplasmic serine/threonine kinase that is acti-
vated early during virus infections with a key role in anti-
viral defense. It is induced in an inactive form by type I
interferons and it requires interaction specifically with
dsRNA for activation (Krust and others 1984; Galabru and
others 1989). It has a well-characterized role in the inhibition
of translation through phosphorylation of eukaryotic initia-
tion factor 2a (elF-2a) (Lebleu and others 1976; Samuel 1979;
de Haro and others 1996), which leads to reduction in viral
replication. In addition to the antiviral effects, activated PKR
participates in regulating several signaling pathways in-
volved in immune responses such as NF-kB, MAPK, STAT-1,
NF-AT, and IRFs pathways (Kumar and others 1994; Lang-
land and others 1999; Zamanian-Daryoush and others 2000;
Gil and others 2001; Goh and others 2000; Kehoe and others
2001; Garcia and others 2006).

Despite the studies demonstrating that mice lacking ex-
pression of a functional PKR are more susceptible to virus
infections (Balachandran and others 2000; Stojdl and others
2000; Guidotti and others 2002; Carr and others 2006), there
has been little on the role of PKR in RSV infection or RSV-
induced lung inflammation, lung injury, or RSV-induced
early gene expression. In the current study, our data showed
that although replication of RSV was enhanced in the ab-
sence of a functional PKR, there was significantly less lung
inflammation and injury in RSV-infected PKR™/~ mice as
compared to the WT control mice. In addition, a genome-
wide gene expression analysis revealed several early antivi-
ral and immune response genes that are regulated by PKR.

Materials and Methods
Mice, virus, and infection

The 6- to 10-week-old male WT (B6.129PF1/]) (The Jack-
son Labs, Bar Harbor, ME) and PKR™/~ (Yang and others
1995) mice were used in all experiments. Mice were housed
and maintained in specific pathogen-free conditions and
used in accordance with the regulations of the National In-
stitutes of Health. The human long strain of RSV-A2 (origi-
nally from Dr. B.S. Graham, NIH) was propagated in HEp-2
cells (American Type Culture Collection). Viral stocks were
prepared by harvesting HEp-2 cells in fresh medium and 3
quick freeze thaw cycles followed by high-speed centrifu-
gation (10,000g) to remove cellular debris. The viral titer was
then determined by plaque assay as previously described
(Graham and others 1988). For in vivo infections, anesthe-
tized mice were made to aspirate, intratracheally, RSV at
1x10” pfu/mouse or vehicle (virus-free medium). For in vitro
infection of mouse cells, lungs were digested in collagenase,
passed through a cell strainer, and then infected with RSV at
a multiplicity of infection (MOI) of 2.5 pfu/cell.

RNA extraction and RT-PCR

Total RNA was extracted from lung tissue by homogeni-
zation in TRIzol (Invitrogen, Carlsbad, CA). cDNA was
synthesized with SuperScript reverse transcriptase (Invitro-
gen) and amplified with a SYBR Green (Bio-Rad, Hercules,
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CA) master mix containing primers to either GAPDH, RSV-
G, or RSV-N. The sequences are as follows: GAPDH, forward
TTC ACC ACC ATG GAG AAG GC, reverse GGC ATG
GAC TGT GGT CAT GA; RSV-G, forward AAG TCA ACC
CTG CAA TCC AC, reverse GCA TAT GCT GCA GGG TAC
AA; and RSV-N, forward AGG ATT GTT TAT GAA TGC
CTA TGG T, reverse GCT TTT GGG TTG TTC AAT ATA
TGG TAG. Data were collected and analyzed with MyiQ
software (Bio-Rad, Hercules, CA).

Western blot assays

Lung samples were first homogenized in 1xLaemmli
sample buffer containing 1% SDS and 2-mercaptoethanol
without additional protease or phosphatase inhibitors (Bio-
Rad Laboratories, Hercules, CA) and the chromosomal DNA
was sheared by passing the samples several times through a
26-gauge needle. Proteins were separated by SDS-PAGE,
transferred onto nitrocellulose, and probed with antibodies
to B-actin (Sigma-Aldrich, St. Louis, MO), RSV (Chemicon,
Temecula, CA), phospho-JNK, JNK, phospho-p38 MAPK,
p38 MAPK, phospho-ERK, and ERK (Cell Signaling Tech-
nologies, Danvers, MA). The immunoblotted proteins were
then visualized by the enhanced chemiluminescence re-
agents (GE Healthcare Bio-Sciences, Piscataway, NJ).

Electrophoretic mobility shift assay

Extracts were prepared by homogenizing lung tissues in
buffer containing (50mM HEPES pH 7.0, 250mM NaCl,
5mM EDTA, 1 mM dithiothreitol, and 0.1% NP-40). Clarified
protein extracts were then incubated with **P-labeled NF-xB-
specific oligonucleotide (5 CAA CGG CAG GGG AAT TCC
CCT CTC CTT 3’) (Boothby and others 1997) in a reaction
mixture containing, 2ug poly (dI-dC), 10pg BSA, 20mM
HEPES pH 7.9, 5% glycerol, 1mM EDTA, 1% NP-40, and
5mM dithiothreitol. The mixture was incubated at room
temperature for 15min. The resultant protein-DNA com-
plexes were resolved on a native 4% polyacrylamide gel and
were visualized by autoradiography.

Measurement of protein, albumin, and cytokine
levels in the BAL fluid

At 24 h post-infection, bronchoalveolar lavage (BAL) was
performed using phosphate-buffered saline. Total protein
levels within the BAL fluid were measured by Bradford as-
say (Bio-Rad Laboratories, Hercules, CA). ELISA was used to
measure mouse albumin (Bethyl Laboratories, Montgomery,
TX), IP-10 (R&D Systems, Minneapolis, MN), and IFN-$
(PBL biomedical Lab, Piscataway, NJ). Bio-Plex Cytokine
Assay (Bio-Rad Laboratories) was used to determine the
levels of all other cytokines and chemokines.

Histology and differential analysis

A hemocytometer was used to determine total cell number
in the BAL fluid. For differentials, cells were affixed to slides,
and were stained using the HEMA-3 stain (Fisher Scientific,
Pittsburg, PA). The stained cells were counted and differ-
entiated based on color and morphology. For histological
examinations, lungs (9 mice per group) were fixed with 10%
buffered formalin. Paraffin-embedded tissues were cut into
5uM sections, affixed to glass slides, and then stained with
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hematoxylin and eosin. A pathologist blinded to animal ge-
notype and treatment evaluated the slides using a semi-
quantitative histological score method. The scoring system,
which grades (0=none, 1=minimal, 2=mild, 3=moderate,
4=severe) the degree of inflammatory cells infiltration in the
perivascular, bronchial, and alveolar region, in addition to
changes in bronchial walls and alveolar macrophage accu-
mulation, has been previously described (Stapleton and
others 2005; Jaradat and others 2006). Data were averaged
from 2 separate experiments and 2-tailed Student’s ¢-test was
used to determine statistical significance.

Microarray, linear amplification, labeling protocol,
and feature extraction

Gene expression analysis was conducted using Agilent
Whole Mouse Genome 4x44 multiplex format oligo arrays
(014868) (Agilent Technologies, Palo Alto, CA) following the
Agilent 1-color microarray-based gene expression analysis
protocol. Starting with 500ng of total RNA, Cy3-labeled
cRNA was produced according to manufacturer’s protocol.
For each sample, 1.65ug of Cy3-labeled cRNAs were frag-
mented and hybridized for 17h in a rotating hybridization
oven. Slides were washed and then scanned with an Agilent
Scanner. Data was obtained using the Agilent Feature Ex-
traction software (v9.5), using the 1-color defaults for all
parameters. The Agilent Feature Extraction Software per-
formed error modeling and adjusting for additive and mul-
tiplicative noise. The resulting data were processed using the
RosettaResolver® system (version 7.2) (Rosetta Biosoftware,
Kirkland, WA).

The Ingenuity Pathway Analysis (IPA; Ingenuity Systems,
www.ingenuity.com) was used to identify the biological
functions and/or diseases that were most significant to the
data sets. Genes from the data sets that met the normalized
cutoff of 2-fold were then analyzed for biological functions
and/or disease relevance in the Ingenuity Pathways
Knowledge Base (Ingenuity Systems, www.ingenuity.com).
Fischer’s exact test was then used to calculate P values.

Results
PKR regulates RSV replication

Since it is reported that replication of several viruses is
increased in PKR ™/~ mice (Balachandran and others 2000;
Stojdl and others 2000; Carr and others 2006), we first ex-
amined mRNA accumulation in the mice. Mice were infected
with RSV (1x 107 pfu/mice) and after 1, 5, 14, and 21 days,
RSV presence in infected lungs was determined by RT-PCR.
As shown in Figure 1A, the level of RSV-G mRNA was
significantly increased in the lungs of PKR™/~ mice as
compared to the WT. At late times during infection (21 days),
the level of RSV was equally reduced in both mice strains,
likely due to adaptive immune responses. Since our experi-
ments were aimed at early events, we have focused on 1 day
post-infection (Fig. 1B, RSV-G and RSV-N RT-PCR). In ad-
dition, Western blot of total lung proteins extracted at day 1
post-infection showed greater amounts of RSV proteins in
infected PKR ™/~ mice as compared to the WT (Fig. 1C). This
suggests that as expected RSV accumulates to higher levels
in PKR™/~ mice.

To confirm that the difference was due to replication and
not to differences in initial infectivity, total lung cells were
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FIG. 1. Viral load is increased in the lungs of double-

stranded RNA-activated protein kinase (PKR)-deficient mice.
(A) Mice (6 mice per group) were infected with 1x10” pfu of
respiratory syncytial virus (RSV). At indicated times, lungs
were isolated and total lung RNA was extracted for RT-PCR
using respiratory syncytial virus (RSV)-G-specific primers.
(B) To further investigate early events, RNA from another
24h post-infection time point was used in RT-PCR using
specific primers to both RSV-G (left panel) and RSV-N (right
panel) (6 mice per group, each represented by a dot). RT-PCR
data are expressed as relative fold induction over mock
normalized against GAPDH. (C) Viral protein expression in
mouse lungs, 24 h after inoculation, was determined in lung
lysates with an anti-RSV polyclonal antibody. Data are from
lungs of 2 separate mice; arrows indicate RSV proteins. (D)
To assess differences in replication or infectivity, total lung
cells were infected and at time 0, 6, and 24 h post-infection,
total RNA was extracted and used in RT-PCR for the de-
tection of RSV-G mRNA levels (n=3).
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isolated and infected in vitro. Despite similar levels of RSV-G
mRNA at 6h post-infection, the RSV-G mRNA level in
PKR™/~ lung cells at 24h post-infection was significantly
greater than that detected in cells from WT mice (Fig. 1D).
These data suggest that the observed increase in RSV load
in vivo is likely due to enhanced replication and not increases
in initial infectivity.

PKR is necessary for maximal expression
of inflammatory cytokines and chemokines

RSV infections of both mouse and human have been
shown to induce the expression of a variety of cytokines and
chemokines (Arnold and others 1994; Franke and others
1994; Meusel and Imani 2003; Jafri and others 2004). There-
fore, we examined the effects of PKR in inflammatory re-
sponse during RSV infection. Mice were infected with 1x10”
pfu/mouse and after 24 h BAL fluid and lung tissue samples
were collected. Analysis of BAL fluid revealed that infected
WT mice had approximately 3- to 30-fold higher levels of the
inflammatory cytokines and chemokines, IFN-f, IL-1p, IL-6,
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FIG. 2. Double-stranded RNA-activated protein kinase
(PKR) regulates induction of cytokines and chemokines.
PKR~/~ or wild-type (WT) mice were infected with respi-
ratory syncytial virus (RSV; 1x107 pfu/mouse) and after
24h, the mice were anesthetized and BAL fluid was col-
lected. The levels of cytokines and chemokines were mea-
sured as described in Materials and Methods. The error bars
represent standard error of the mean (SEM) where averages

were generated from 3 separate mice in each group.
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TNF-a, CCL2/Monocyte chemotactic protein-1 (MCP-1),
CCL5/RANTES, CXCL10/IP-10 (IFN-inducible protein 10),
and IL-8 as compared to RSV-infected PKR™ /= mice (Fig. 2).
It is noteworthy that of all cytokines and chemokines tested,
TNF-o was the most potently affected by the absence of PKR
(~30-fold). Taken together, these data indicate that PKR is
necessary for maximal expression of inflammatory cytokines
and chemokines during RSV infection in vivo.

Several of the cytokines and chemokines shown in Figure
2 are attractants of inflammatory cell influx into the lungs. To
assess the influx of inflammatory cells, total cell number was
determined in BAL fluid. The data showed a 2-fold increase
in cells within the BAL fluid collected from RSV-infected WT
mice as compared to PKR™/~ mice (Fig. 3A). Differential
analysis of the cellular infiltrates revealed that the majority of
the cells that migrated into the lungs were neutrophils and
a significantly greater percentage of neutrophils migrated
into the lungs of the WT mice as compared to PKR ™/~ mice
(Fig. 3B).

RSV-induced lung injury is reduced
in the absence of PKR

A critical consequence of respiratory viral infections is
lung injury, which is also associated with inflammatory cell
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FIG. 3. Inflammatory cell influx into lungs is affected by

double-stranded RNA-activated protein kinase (PKR). (A)
The total number of viable cells present within the bronch-
oalveolar lavage (BAL) was determined by trypan blue ex-
clusion using a hemocytometer (1=2, 3 mice/group). (B)
Identity of cells within the BAL was determined by fixing the
cells onto slides, followed by hemotoxylin-eosin staining
and differential counting based on size and morphology. The
data represent 2 separate experiments with 6 mice in each

group.
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transmigration into the lungs and increased vascular per-
meability. Therefore, to assess lung injury, we first examined
lung permeability by measuring the level of serum albumin
in BAL fluid at 24 h post-infection. Data in Figure 4A and 4B
showed that the level of total protein and albumin was ~5-
fold higher within the BAL fluid of the RSV-infected WT
lungs as compared to mock-infected WT. In contrast, albu-
min levels within the BAL fluid of RSV-infected PKR™/ ~ did
not change (Fig. 4B). This suggests that PKR is required for
lung damage, which allows the extravasation of serum pro-
tein into the lung milieu.

To further access the level of lung injury, we performed a
histological examination of the lungs. The quantitative un-
biased histological score showed that the degree of inflam-
mation and lung damage in WT mice was significantly
higher than in PKR™/~ mice (Fig. 4C and 4D). In addition,
the histological examination of RSV-infected mice lungs
showed a significantly higher perivascular/peribronchiolar
infiltrates of polymorphonulcear (PMN) cells, lymphocytes,
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and eosinophils in WT than in PKR™/~ mice (Fig. 4C and
4D). These data provide further evidence that RSV-induced
lung injury requires PKR.

PKR is required for RSV-induced activation
of MAPK and NF-kB pathways

PKR has been reported to be necessary for activation of the
MAPK and NF-«B signaling pathways, which are essential
for inflammatory responses (Kumar and others 1994; Lang-
land and others 1999; Goh and others 2000; Zamanian-Dar-
yoush and others 2000; Gil and others 2001). Furthermore,
RSV infection of human bronchial epithelial cells has previ-
ously been shown to activate both ERK1/2 and p38 MAPK
(Monick and others 2001; Pazdrak and others 2002; Meusel
and Imani 2003; Kong and others 2004). We, therefore, de-
termined whether there was any alteration in activation of
p38 MAPK, JNK, and ERK in lungs of RSV-infected PKR™/~
mice. After 24 h of infection, total lung protein extracts were
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FIG. 4. Respiratory syncytial virus (RSV)-induced albumin extravasation and lung injury are reduced in the absence of
double-stranded RNA-activated protein kinase (PKR). WT and PKR™ /=~ mice were mock treated or were infected with RSV.
After 24 h, the level of total protein (A) and albumin (B) was determined in the bronchoalveolar lavage (BAL) fluid. The error
bars represent SEM; data are representative of 2 separate experiments (3 mice in each experiment). Inflammation and lung
injury in the infected WT and PKR™/~ mice were determined at 24 h post-infection. (C) Lung sections were prepared as
described in Materials and Methods and stained with hematoxylin and eosin. (D) Lung inflammation was quantified by a
pathologist as described in Materials and Methods. Data are an average of 2 separate experiments. Abbreviations: TB,

terminal bronchiole; BV, blood vessel.
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prepared and were used in Western blots. Data in Figure 5A
showed that RSV infection robustly activated the MAPK
pathways in WT mouse lungs. However, there was little
increase in activation of these pathways in extracts prepared
from PKR™/~ mice (Fig. 5A).

Next, using EMSA, we examined the activation state of
NF-kB within the RSV-infected lungs. The data in Figure 5B
showed that activation state of NF-kB was higher in infected
WT lungs than in PKR™/~ lungs (Fig. 5B). Quantitative
analysis of the shifted bands confirmed that there was a
significant difference between NF-kB activation in RSV-in-
fected lungs (Fig. 5C). These data demonstrated that PKR
activation affects several signaling pathways in vivo.

A genome-wide analysis of PKR-regulated early
innate immune genes

We next examined the role of PKR in global expression of
RSV-induced early genes by microarray analysis. PKR ™/~
and WT mice were infected with RSV and after 24 h, total
RNA was extracted from lungs and was used with Agilent
mouse whole genome 4x44 gene expression arrays. At a
minimum of 2-fold increase, a high stringency analysis of the
up-regulated genes showed that RSV infection induced 142
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genes in WT and 99 genes in PKR™/~ mice (see Supple-
mentary data at the NCBI Gene Expression Omnibus, http://
www.ncbi.nlm.nih.gov/projects/geo). The comparison of
the gene array data showed that from the genes that were
not up-regulated in PKR ™/~ mice, 29 of the genes were as-
sociated with interferon and immune responses (Table 1).
These included PKR, TLR-3, ADAR, RNA helicase, and
several members of major histocompatibility complex
(MHC) genes. This suggests that PKR plays a pivotal role in
early immune responses during RSV infections and may also
affect adaptive immunity by enhancing antigen presentation.

We next used Ingenuity Pathway Analysis (IPA) to cate-
gorize PKR-dependent genes in relation to disease and dis-
orders. As expected, the data revealed that PKR-dependent
genes were most likely associated with the inflammatory and
immunologic disorders (Fig. 6). In addition, cancer, connec-
tive tissue, and skeletal/muscular disorders were also sig-
nificantly associated with PKR activation.

Discussion

RSV is the most common cause of viral respiratory infec-
tions in infants, which can lead to severe bronchiolitis, hos-
pitalization, and mortality. In murine models, RSV infections
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FIG. 5. Activation of MAPK and NF-kB pathways is attenuated in the absence of double-stranded RNA-activated protein
kinase (PKR). (A) Whole cell extracts were prepared from lungs of mock- or RSV-infected mice at 24h post-infection. The
levels of phosphorylated and total JNK, p38 MAPK, and ERK proteins were determined by Western blot. Each lane repre-
sents extracts prepared from a single animal. The data are representative of 3 independent experiments each with similar
results. (B) At 24 h post-infection, total protein was extracted from mock- or RSV-infected mouse lungs (n=3 per group) and
analyzed by EMSA using an NF-kB-specific probe. The positions of p65/p50 heterodimer and p50/p50 homodimer are
indicated by the arrows. A B-actin Western blot was performed to confirm that equal amounts of proteins were used. (C) The
changes in activation of NF-kB were quantified by excising the shifted bands from the gel represented in panel B and
measuring radioactivity in a scintillation counter. Data represent average of counts from 3 separate lanes.
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TABLE 1. ANALYSIS OF DOUBLE-STRANDED RNA-ACTIVATED PROTEIN KINASE-DEPENDENT GENES
Gene Description Fold change P value
Ifi44 Interferon-induced protein 44 83.77 0.00062
H28 Histocompatibility 28 81.34 0.0003

Apod Apolipoprotein D 51.28 0.00063
Ifit2 Interferon-induced protein with tetratricopeptide repeats 2 48.21 0.00039
Mpa21 Macrophage activation 2 like 25.24 0.00061
Tgtp T-cell-specific GTPase 23.76 0.00046
Igtp Interferon gamma-induced GTPase 19.30 0.00025
Trim30 Tripartite motif-containing 30 15.66 0.00072
1fi204 Interferon-activated gene 204 12.44 0.00078
ligp2 Interferon-inducible GTPase 2 11.93 0.00014
Isg20 Interferon-stimulated protein 11.00 0.00089
H2-T24 Histocompatibility 2. T region locus 24 10.86 0.00002
Cc18 Chemokine (C-C motif) ligand 8 9.18 0.00079
Eif2ak2 PKR, eukaryotic translation initiation factor 2-alpha kinase 8.69 0.00049
Stat2 Signal transducer and activator of transcription 2 7.83 0.0008

Adar Adenosine deaminase. RNA-specific 7.50 0.0004

Ifi35 Interferon-induced protein 35 5.83 0.00043
H2-M?2 Histocompatibility 2, M regon locus 2 5.23 0.00044
H2-Q1 Histocompatibility 2, Q region locus 1 5.09 0.00097
Irf9 Interferon regulatory factor 9 5.00 0.00055
Ifitm7 Interferon-induced transmembrane protein 7 4.97 0.00032
Ly6a Lymphocyte antigen 6 complex, locus A 4.92 0.00062
Tapbp TAP-binding protein 4.29 0.00066
Nmi N-myc (and STAT) interactor 3.98 0.00027
Tir3 Toll-like receptor 3 3.97 0.0004

Trim21 Tripartite motif-containing 21 3.77 0.00066
Tafsf10 Tumor necrosis factor (ligand) superfamily, member 10 3.02 0.0008

H2-K1 Histocompatibility 2, K1, K region 2.65 0.00088
Trim25 Tripartite motif-containing 25 2.43 0.00098

Fold changes of PKR-dependent genes that are involved in immune and interferon pathways with highest
significance are represented. For complete gene list, refer to Supplementary data at the NCBI Gene Expression

Omnibus, http://www.ncbi.nlm.nih.gov/projects/geo.
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FIG. 6. Functional analysis of differentially expressed
genes. The Ingenuity Pathway Analysis (IPA) of disease and
functional relevance for double-stranded RNA-activated
protein kinase (PKR)-dependent genes are represented.
The —log (significance) indicates an increase in confidence
for each category.

leads to induction of TNF-a, IL-6, IL-8, MCP-1, RANTES, and
CXCL10 (IP-10) (Graham and others 2000; Tripp and others
2000; Jafri and others 2004; Miller and others 2004; Estripeaut
and others 2008). In the early steps, the presence of viral
infections leads to an innate immune response and there is a
rapid (8-24h) and transient rise in the expression of che-
mokines and cytokines (Tripp and others 2000; Estripeaut
and others 2008). Therefore, we hypothesized that PKR, a
dsRNA-specific kinase, which is activated early during viral
infections could play a role in RSV-induced immunity. To
date, there has been no report on the role of PKR in RSV
infection, immune responses, and lung injury.

PKR is activated by dsRNA, which is present during the
life cycle of most viruses (Jacobs and Langland 1996). Once
activated, PKR phosphorylates elF-20, leading to a reduction
in translation and thus to an attenuation of viral replication.
Several groups using the PKR ™/~ mouse have demonstrated
that PKR is a key host factor for resistance to viral replication
(Balachandran and others 2000; Stojdl and others 2000;
Guidotti and others 2002; Carr and others 2006). Consistent
with the role of PKR in viral replication, our data showed
that unlike WT mice, PKR™/~ mice (Yang and others 1995;
Baltzis and others 2002) had a greater load of RSV at 24h
post-infection (Fig. 1A and 1B). Based on an in vitro kinetic
analysis, we showed that the difference was due to viral
replication and not initial infectivity (Fig. 1D).

In addition to participating in antiviral responses, PKR also
functions as a signaling intermediate in several pathways
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including MAPK and NF-kB (Kumar and others 1994; Goh
and others 2000b; Zamanian-Daryoush and others 2000;
Zhou and others 2003). We previously reported that RSV
infection of human epithelial cells led to activation of MAPK
and subsequently inflammatory cytokine expression (Meusel
and Imani 2003). Also, RSV infection of airway epithelial cells
was shown to induce activation of ERK and p38 MAPK
(Mastronarde and others 1996; Pazdrak and others 2002). In
the present study, we report that while activation of the
MAPK and NF-«B pathways occurred in WT lung tissue
during RSV infection, there was considerably less activation
of these factors in the lungs of PKR™/~ mice (Fig. 5). This
suggests that in response to RSV, PKR is required for maxi-
mal activation of these signaling pathways in vivo.

Several in vitro studies using the PKR activator, dsRNA,
have provided evidence for the involvement of PKR in the
development of inflammatory responses. We previously re-
ported that dsRNA activation of PKR was required for in-
duction of inflammatory cytokines in human bronchial
epithelial cells (Meusel and others 2002). Also, treatment of
cells with dsRNA led to activation of PKR and increased
production of IL-8 and RANTES (Gern and others 2003). In
our experiments, induction of cytokines and chemokines was
increased dramatically within the BAL fluid of RSV-infected
WT mice as compared to PKR™/~ mice. The induction
of cytokines and chemokines was accompanied with a cor-
responding increase in cellular influx into the lungs (Fig. 3B).

Previously, we reported that during intracerebral infection
using mouse-adapted polio virus, both PKR™/~ and trans-
genic mice expressing a frans-dominant negative mutant
form of PKR, displayed a less severe central nervous system
inflammation and tissue damage than their WT cohort
(Scheuner and others 2003). Based on these reports and our
current data, we believe that PKR is required for both control
of RSV replication, and mounting a robust inflammatory
immune response.

It is reported that in addition to direct viral pathologies,
inflammatory responses can participate in tissue damage
during viral infections (Tripp 2004). Wang et al. reported that
the presence of neutrophils enhanced RSV-induced cell
damage and detachment from culture dishes, suggesting that
neutrophilic infiltrate into the lungs may contribute to the
pathogenesis of RSV airway disease (Basler and others 2000).
In this report, we investigated RSV-induced lung injury by
comparing the levels of neutrophils, total protein, albumin,
and histological score (Figs. 3 and 4). Our data showed that
the levels of neutrophil influx, total protein, and albumin
were greater in BAL fluid collected from RSV-infected WT
mice than from PKR™/~ mice. Consistent with these obser-
vations, the histological score of WT mice was significantly
greater than PKR™" ™ mice. These data suggest that PKR is a
key factor in RSV-induced lung injury and liquid extrava-
sations into the lungs.

A high stringency comparison of the genes that were in-
duced by RSV in WT and PKR™/~ mice showed that PKR
activation was required for induction of 101 genes, 29 of
which were associated with early immune responses (See
supplementary data at the NCBI Gene Expression Omnibus,
http: //www.ncbi.nlm.nih.gov/projects/geo). ~ Expectedly
several interferon-induced genes were affected by PKR acti-
vation (Table 1). Also, major histocompatibility complex
(MHC) genes such as H2-M2 and H2-Q1 were up-regulated
only in WT mice (Table 1). This finding is interesting be-

CORN MINOR ET AL.

cause all of these MHC molecules are considered as the non-
classical MHC class-I molecules with low polymorphism.
Since members of the non-classical MHC molecules are in-
volved in activation of natural killer (NK) cells (Sambrook and
Beck 2007), it is tempting to speculate that PKR plays a role in
viral recognition by these cells. Additional evidence for asso-
ciation of PKR with inflammation and immune responses was
revealed in functional analysis of the PKR-regulated genes,
which showed that this pathway was associated with in-
flammatory and immunological disorders (Fig. 6).

In addition to the MHC molecules, several of the antiviral
molecules such as PKR, TLR-3, adenosine deaminase acting
on RNA (ADAR), and interferon regulatory factor-9 (IRF-9)
were up-regulated in WT and not in PKR™/~ mice. This
further suggests that PKR is critical for antiviral responses
during RSV infections.

An interesting observation in our experiments was the in-
duction of p65/p50 heterodimerization and p50/p50 homo-
dimerization of NF-kB complexes (Fig. 5B). While activation
of the p65/p50 heterodimeric form of NF-«B is required for
expression of many genes, the p50 subunit has been shown to
be essential for expression of IgE (Delphin and Stavnezer
1995; Kuchroo and others 1995). In as much as IgE is a central
molecule in allergic responses, these data suggest that PKR
may play a role in RSV induction of IgE expression. This is
consistent with our previous in vitro data, which demon-
strated that PKR activation regulated IgE class switching in
human B lymphocytes (Rager and others 1998). Previous
reports have also shown that IgE levels are higher in RSV-
infected mice exposed to ragweed (Leibovitz and others 1988)
and RSV-specific IgE was higher in RSV-infected infants
(Welliver and others 1981; Welliver and Duffy 1993).

Collectively, our data establishes a dual role for PKR in
RSV infections. First, it is necessary for controlling replication
and second, it participates in signal transduction, leading to
innate inflammatory responses. These responses, while im-
portant for the overall immunity to RSV, likely contribute to
lung injury.
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