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ABSTRACT

Respiratory Syncytial Virus (RSV) is the leading cause of epidemic respiratory
tract illness in children worldwide. Although the mechanisms of RSV-induced airway
disease are unknown, experimental evidence suggests that early local inflammatory
processes serve as major initiating events in the pathogenesis of RSV-induced lung
disease. RSV induced inflammation is mediated in part by small inflammatory
chemokines. We investigated the mechanism of RSV-induced chemokine RANTES gene
expression in epithelial cells and identified reactive oxygen species as critical signaling
molecules involved in STAT and IRF transcription factor activation and the IKKe
pathway, two activated pathways involved in the regulation of pro-inflammatory gene
expression. We showed that RSV induced oxidative stress in vivo and that antioxidant
therapy with butylated hydroxyanisole (BHA) attenuated RSV induced oxidative stress,

pulmonary inflammation and airway hyper-responsiveness. The one caveat to anti-
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inflammatory antioxidant therapy was the slight increase in RSV viral load observed
following antioxidant administration. To eliminate the undesired outcome of increased
viral load, a combination therapy approach was utilized employing BHA and the potent
anti-viral [FN-o.. Combination therapy yielded similar results of diminishing RSV-
induced pulmonary inflammation while also decreasing RSV viral load in the lungs.
Another key mediator regulated by oxidative stress and involved in inflammation is Poly
(ADP)-Ribose Polymerase (PARP). We demonstrated that RSV is a potent inducer of
PARP activity and that pharmacological inhibition of PARP with INO-1001 abolished
RSV-induced PARP activity. INO-1001 also significantly reduced RSV-induced release
of inflammation and lung pathology. Of environmental significance, cigarette smoke is
also a potent oxidant mixture and important risk factor for the severity of RSV-induced
disease. The mechanism(s) causing a worsening of RSV-induced lung disease by
environmental tobacco exposure are unclear. Therefore, we investigated the effect of co-
exposure of airway epithelial cells to cigarette smoke condensate (CSC) and RSV on
inflammatory chemokine gene expression. We demonstrated that CSC and RSV
synergistically increased MCP-1 and IL-8 chemokine expression through NF-«B and IRF
transcription activation. Overall, the modulation of RSV-induced oxidative processes,
either by dampening ROS production through pharmacological intervention or by
heightening it by toxicant exposure, identify ROS as major signaling molecules involved

in regulating RSV-induced inflammation.
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CHAPTER 1: INTRODUCTION

Respiratory Syncytial Virus

Respiratory syncytial virus (RSV) is the single most important pathogen causing
epidemic respiratory tract illness in children worldwide. RSV, an enveloped negative-
sense single-stranded RNA virus, is sufficiently distinct in its protein products to be
placed within a separate genus (Pneumonvirus) of the Paramyxoviridae family. In infants
and children, RSV is the most common etiological agent of bronchiolitis and is also
responsible for 50% of pneumonia cases in children up to two years of age (1). RSV is so
ubiquitous that it will infect 100% of children by the age of 3. Each year, approximately
100,000 children are hospitalized with RSV disease with an estimated annual cost close
to $300 million in the USA alone (2-3). Recent data from the US also indicate that
hospitalization rates caused by RSV infections are increasing which suggests that
unknown environmental co-factors could be contributing to the severity of RSV
infection. For example, several epidemiologic reports have found that environmental
tobacco smoke (ETS) exposure has been associated with more severe RSV infection (4-
6). A vaccine for RSV has yet to be developed and immunity to natural infection is
incomplete, thus repeated attacks of acute respiratory tract illness, ranging from common
colds to pneumonia, affect every individual through adulthood. In addition to acute
morbidity associated with RSV infection, there are long term consequences of RSV

infection. For instance, RSV bronchiolitis has been linked to the development and



severity of asthma (7) and RSV infection triggers recurrent episodes of wheezing in
asthmatic children (8).
Pathogenesis of RSV Lower Respiratory Tract Infection (LRTI)

As previously mentioned, RSV infection can develop into significant lower
respiratory tract disease, mainly bronchiolitis, which is a clinical syndrome characterized
by wheezing, dyspnea, and various degrees of respiratory distress. The pathology
included mononuclear cell infiltration of the bronchiolar submucosa, edema, and necrosis
of the bronchiolar epithelium, which result in the formation of mucus plugs and air
trapping (9). However, analysis of autopsy samples from patients diagnosed with severe
bronchiolitis revealed only small amounts of viral antigen present in patchy distribution
throughout the lung (10). These findings as well as numerous other studies suggest that
early inflammatory and immune events characteristic of the “innate” host response are
crucially responsible for the damage of the airway mucosa observed in RSV
bronchiolitis.

RSV Induced Pulmonary Inflammation

RSV infection in the lung is characterized by profound inflammation of the
airway mucosa. The mechanisms involved in the pathogenesis of acute RSV-induced
airway disease are largely unknown. However, experimental evidence generated in our
laboratory (11-13) and others (14-15) support the hypothesis that a major component in
the pathogenesis of RSV-induced disease is a shift from immune defense to
immunopathology due to an exuberant inflammatory response, orchestrated primarily by

RSV-infected epithelial cells.



Role of Epithelial Cells as Initiators of Inflammation

The airway epithelial cell is the major target of RSV infection. Under normal
conditions, the respiratory epithelium represents the principal cellular barrier between the
environment and the internal milieu of the airways and is also responsible for particulate
clearance and surfactant secretion. However, after exposure to infection agents such as
RSV or environmental exposures to cigarette smoke, chemical pollutants and particulate
matter, airway epithelial cells secrete a variety of pro-inflammatory molecules including
cytokines and chemokines small cytokines, which initiate and sustain immune and
inflammatory responses in the airway mucosa (16-19). Chemokines regulate the
migration and activation of leukocytes into the lung and therefore play a key role in the
inflammatory and infectious processes of the lung (20). Several reports have identified
epithelial cells as major sources of chemokines in the lung (21-22). We and others have
demonstrated that RSV infection is a strong inducer of chemokine production both in
vitro, in animal models and in children (13, 23-25). Recent clinical studies have detected
elevated chemokine concentration in nasal washes of children infected with RSV (26-27)
and found that the severity of disease is associated with the atypical presence and
elevated levels of chemokines in the bronchoalveolar lavage of hospitalized children (25).
In mouse model of RSV infection, our laboratory found that modulation of viral-induced
chemokine production correlated with the level of pulmonary inflammation (28). Since
the onset of inflammation is thought to be a key initiating component of RSV-induced
lung disease, a major research objective in this dissertation was to define the mechanisms

of RSV-induced chemokine gene expression in the airway epithelium.



ROS as Signaling Mediators of Chemokine Gene Expression

The mechanism by which RSV activated signaling pathways stimulate chemokine
gene expression, have not been fully elucidated. We previously found that RSV infection
of airway epithelial cells induces reactive oxygen species (ROS) production (29). ROS
are ubiquitous, highly diffusible and reactive molecules produced as a result of the
incomplete reduction of molecular oxygen. ROS damage lipids, proteins, DNA, and other
cellular components. However, in the past few years, there has been an increased
recognition of their role as intracellular signaling molecules. Inducible ROS generation
has been shown following stimulation with a variety of molecules, including cytokines,
growth factors, and infections with certain viruses such as HIV, Hepatitis B, and
influenza (30) and intracellular redox changes in response various stimuli, have been
shown to modulate gene expression (31). However prior to when I started this
dissertation project little was known regarding the role of ROS in RSV-induced gene
expression, and there were no published studies describing the role of ROS in RSV-

induced lung inflammation. My project addressed the main hypothesis that:

The two roles for ROS in the pathogenesis of RSV-induced lung injury are the
induction of inflammatory gene expression and the production of oxidative stress in

the airway mucosa.

Experimental Objectives
In a previous study, our laboratory showed that treatment of airway epithelial

cells with the antioxidant butylated hydroxyanisol (BHA) inhibited RSV-induced
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RANTES chemokine production and activation of the interferon regulatory factor (IRF),
transcription factors (29) which are key regulators of inflammatory and antiviral genes
such as interferons (32). BHA treatment inhibited RSV induced IRF-1 and -7 gene
expression and protein synthesis and the nuclear translocation of IRF-3, indicating that a
redox —sensitive pathway was involved in RSV-induced IRF activation (29). The IRF-3
gene is constitutively expressed, while expression of the IRF-1 and IRF-7 genes is RSV
inducible (29). Expression of both IRF-1 and IRF-7 is regulated by RSV-induced signal
transducers and activators of transcription (STAT) transcription factors. STAT proteins
are also detected in the airway epithelium in patients with asthma, a disease characterized
by acute conditions of oxidative stress and inflammation. Chapter 2, describes our
investigations about whether the mechanisms of RSV-induced IRF-1 and -7 activation
were redox sensitive and further examines the involvement of ROS in RSV-induced
STAT activation.

A broad range of antioxidants including BHA and NAD(P)H oxidase inhibitors
exhibited same effects but chose to use BHA because it consistently blocked RSV
induced effects. BHA is a phenolic antioxidant and this class of antioxidants serve to
induce AOE, scavenge ROS, and block cellular signaling effects such as transcription
factor activation (33-34). The prior finding that BHA antioxidant treatment blocked RSV-
induced IRF-3 nuclear translocation (29) indicated that the signaling pathway leading to
IRF-3 activation was also redox sensitive. Chapter 3 describes experiments which tested
the hypothesis that the upstream signaling pathway leading to IRF-3 activation was
mediated by RSV-induced intracellular ROS. IRF-3 phosphorylation is an initial

activating step following viral infection. Therefore, we investigated the potential
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involvement of kinase IKKe in phosphorylating IRF-3 following RSV infection and

examined the role of ROS in mediating IKKe activity.

Although, our laboratory had previously shown that RSV-induced ROS
production in airway epithelial cells and that treatment with antioxidants and NAD(P)H
oxidase inhibitors ultimately attenuated RSV-induced chemokine secretion, no reports
were found indicting that RSV infection produced ROS or led to the condition of
oxidative stress in the airway mucosa of the lung. Therefore, experiments in Chapter 4
used the Balb/c mouse model of RSV infection to test the hypothesis that RSV infection
induces oxidative stress in the lung and that ROS are involved the pathogenesis of RSV-
induced pulmonary inflammation. We evaluated the therapeutic potential of the
antioxidant BHA in alleviating the clinical symptoms of disease and airway
hyperreactivity along with a panel of RSV-induced inflammatory modulators such as
cytokines and chemokines.

Antioxidants scavenge ROS. Therefore, the experimental use of antioxidants in
Chapters 2-4 further substantiated the role of ROS in mediating RSV-induced chemokine
expression and inflammation both in airway epithelial cells and in the lung. Since
antioxidants also indirectly function as anti-inflammatory agents, one important concern
involving the use of anti-inflammatory compounds in treating infectious agents such as
RSV involves the potential for inhibiting innate immune responses. Preventing such
protective immune responses could delay viral clearance and lead to viral persistence in
the lung; both of these negative consequences could support re-infection or prolong

clinical symptoms of respiratory distress. Therefore, experiments in Chapter 5 explored



the efficacy of combination therapy with the antioxidant/anti-inflammatory agent BHA
and the antiviral IFN-a. We selected IFN-a since our laboratory had identified IFN-a as
a powerful antiviral agent that significantly lowered RSV viral replication even when
given 3 days RSV-postinfection (35). However, post-infection treatment with IFN-o did
not significantly affect the acute clinical symptoms of disease (personal communication).
Since it is plausible for a harboring residual virus to negatively modulate the host
response upon subsequent re-infection, we investigated the therapeutic potential of
combination therapy on decreasing RSV viral replication and the severity of disease.
Experiments from Chapters 4 evaluated the role of ROS in producing RSV-
induced oxidative stress in airway epithelial cells as well as the bronchoalveolar airspace
of the lung. The condition of oxidative stress has been investigated in various
inflammatory lung diseases, primarily because inflammation involves the migration and
activation of leukocytes which in addition to airway epithelial cells are powerful
producers of ROS themselves. Based on experimental evidence in Chapter 4 that
antioxidant therapy reduced RSV-induced pulmonary inflammation we attempted to
identify unifying modulators of oxidative stress and inflammation by investigating the
role of nuclear enzyme Poly (ADP) Ribose-Polymerase (PARP). Oxidative stress is an
obligatory event required for the activation of PARP (36). Recent investigations using
various model systems of acute lung diseases suggest that PARP inhibition protects
against oxidative stress and inflammation (37-38). However, no reports document a role

of PARP in viral-induced inflammation. Therefore, experiments for Chapter 6 used the



mouse model of RSV infection to investigate whether pharmacological inhibition of
PARP attenuated RSV-induced pulmonary inflammation.

Environmental tobacco smoke (ETS) which consists mainly of passive second
hand tobacco smoke has been identified as a risk factor associated with the severity of
RSV disease (39), indicating that factors other than those of the innate immune response
may be involved in the pathogenesis of RSV disease. Exposure to ETS is associated with
an increased frequency of lower respiratory tract illness during infancy, particularly RSV
bronchiolitis (40). However, the pathogenic mechanism(s) underlying the epidemiologic
association between exposure to ETS and severity of RSV infections is currently
unknown.

To examine the association between cigarette smoke exposure and RSV infection,
experiments in Chapter 7, were designed to test the hypothesis that exposure to cigarette
smoke exacerbates airway disease by enhancing RSV-induced chemokine secretion in
airway epithelial cells. For ease of experimental design, cigarette smoke condensate
(CSC) as a surrogate of cigarette smoke exposure. The CSC used in this study contained
the particulate component of mainstream cigarette smoke however, side stream smoke
also contains a particulate phase (41). Therefore the CSC modeled stimulation from
components of the tar phase irrespective of the exposure route. Both CSC and RSV have
been shown to induce chemokine interleukin-8 (IL-8) gene expression (16,42). Therefore,
we investigated whether co-exposure to these two inflammatory stimuli produced a
synergistic induction of chemokine release and the potential mechanism by which

cigarette smoke could enhance the severity of RSV-induced disease.



RSV is pervasive and infection of the respiratory track is a global concern. There
is no effective vaccine available against RSV and immunotherapy prevention is costly
and with a highly limited therapeutic window at best. Mounting experimental evidence
indicates that pulmonary inflammation is a key process involved in the pathogenesis of
RSV induced lung disease and that RSV-induced cytokines and chemokines are
important mediators of the inflammatory process. Therefore, identification of the
molecular mechanisms leading to RSV-induced inflammatory gene expression and lung
injury is fundamental for developing therapeutic strategies to reduce the morbidity and

mortality associated with RSV infection.
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FIGURE 1.1 OVERALL DIGRAM OF RSV-INDUCED AIRWAY INFLAMMATION
ADDRESSED IN DISSERTATION. The respiratory epithelial cell is the primary target of
RSV infection. RSV-induced ROS production signals transcription factor (T.F.)
activation and enhanceosome proteins such as PARP leading to chemokine gene
expression and protein release. Stimulation of alveolar epithelial cells with CSC
synergistically increases RSV- induced transcription factor activation and chemokine
expression. The secretion of inflammatory chemokines signal rapid leukocyte migration
to the airspace of the lung. Activated leukocytes produce excess ROS and activate PARP.
Attenuation of RSV—induced oxidative stress and PARP activation block RSV-induced
airway inflammation and the associated long term consequences of airway reactivity.
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CHAPTER 2: REACTIVE OXYGEN SPECIES MEDIATE
VIRUS-INDUCED STAT ACTIVATION ROLE OF TYROSINE
PHOSPHATASES*

ABSTRACT

Respiratory syncytial virus (RSV) is the leading cause of epidemic respiratory
tract illness in children in the United States and worldwide. RSV infection of airway
epithelial cells induces formation of reactive oxygen species (ROS), whose production
mediates the expression of cytokines and chemokines involved the immune/inflammatory
responses of the lung. In this study, we have investigated the role of ROS in RSV-
induced signal transducers and activators of transcription (STAT) activation and
interferon regulatory factor (IRF) gene expression in human airway epithelial cells. Our
results indicate that RSV replication induces IRF-1 and -7 gene transcription, a response
abrogated by antioxidants. RSV infection induces binding of STAT to the IRF-1 y-
interferon-activated sequence (GAS) and IRF-7 interferon-stimulated responsive element
(ISRE). STATI and STATS3 bind IRF-1 GAS, whereas STAT1, STAT2, IRF-1, and IRF-
9 bind IRF-7 ISRE. Antioxidant treatment blocks RSV-induced STAT binding to both
the IRF-1 GAS and IRF-7 ISRE by inhibition of inducible STAT1 and STAT3 tyrosine
phosphorylation, suggesting that RSV-induced ROS formation is required for STAT
activation and IRF gene expression. Although protein tyrosine phosphorylation is
necessary for RSV-induced STAT activation, Janus kinase and Src kinase activation do
not mediate this effect. Instead, RSV infection inhibits intracellular tyrosine phosphatase

activity, which is restored by antioxidant treatment. Pharmacological inhibition of

*“Reprinted from Journal of Biological Chemistry, Vol. 279 No. 4 Pages 2461-2469, Liu T., Castro S.,
Brasier A. R., Jamaluddin M., Garofalo R. P., and Casola A., Reactive Oxygen Species Mediate Virus-
Induced STAT Activation: Role of Tyrosine Phosphotases, Copyright (2004), with permission from the
American Society for Biochemistry and Molecular Biology”
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tyrosine phosphatases induces STAT activation. Together, these results suggest that
modulation of phosphatases could be an important mechanism of virus-induced STAT
activation. Treatment of alveolar epithelial cells with the NAD(P)H oxidase inhibitor
diphenylene iodonium abolishes RSV-induced STAT activation, indicating that
NAD(P)H oxidase-produced ROS are required for downstream activation of the

transcription factors IRF and STAT in virus-infected airway epithelial cells.
INTRODUCTION

Respiratory syncytial virus (RSV) is an enveloped, negative-sense single-stranded
RNA virus (43). Since its isolation, RSV has been identified as a leading cause of
epidemic respiratory tract illness in children in the United States and worldwide. In fact,
RSV is so ubiquitous that it will infect 100% of children before the age of 3. It is
estimated that 40-50% of children hospitalized with bronchiolitis and 25% of children
with pneumonia are infected with RSV, resulting in 100,000 hospital admissions annually
in the United States alone (43). Although the mechanisms of RSV-induced airway
disease and the associated long term consequences are largely unknown, the local
inflammatory response is thought to play a fundamental role. Airway epithelial cells are
the target of RSV infection, and they respond to the infection producing a variety of
mediators involved in lung immune/inflammatory responses, such as cytokines,
chemokines, interferons, and up-regulating adhesion molecules and major
histocompatibility complex antigens on the cell surface (44). Regulation of cellular
responses to extracellular stimuli is a central aspect of host defense, and it is coordinated
by intracellular networks in which different subsets of transcription factors are involved
in the expression of diverse set of target genes, depending on the nature of the
extracellular stimulus. RSV induces gene expression through the coordinate induction of

multiple transcription factors that assemble in nucleoprotein complexes, defined
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"enhanceosomes," as we demonstrated for the chemokines interleukin-8 and RANTES
(regulated upon activation, normal T-cells expressed and secreted) (45).

The cellular signaling events leading to RSV-induced transcription factor
activation are mostly unknown. Reactive oxygen species (ROS) are ubiquitous, highly
diffusible 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 such as lipids, proteins, and
DNA. In the past few years, there has been increased recognition of their role as redox
regulators of cellular signaling (31,46). We have shown recently that RSV infection of
airway epithelial cells rapidly induces ROS production (29). Pretreatment of airway
epithelial cells with the antioxidant butylated hydroxyanisole (BHA), as well a panel of
chemically unrelated antioxidants, blocked RSV-induced chemokine gene expression and
protein secretion, through inhibition of interferon regulatory factor (IRF) activation.
Antioxidant treatment inhibited de novo IRF-1 and -7 gene expression, protein synthesis,
and IRF-3 nuclear translocation, indicating that a redox-sensitive pathway was involved
in RSV-induced IRF activation (29).

The IRF proteins belong to a family of transcription factors involved in the
regulation of important immune/inflammatory genes, including RANTES and
interleukin-15, as well as of genes necessary to mount an effective antiviral response,
such as interferons (32). IRF-3 is constitutively expressed, but IRF-1 and -7 are virus-
inducible (32). Here we investigated the unknown mechanism of antioxidant inhibition of
virus-induced IRF-1 and -7 activation. Our results indicate that RSV infection of alveolar
epithelial cells induces IRF-1 and -7 gene transcription, an effect abrogated by BHA
treatment. RSV infection induces members of the signal transducers and activators of

transcription (STAT) family to bind the IRF-1 7¥-interferon-activated sequence (GAS)
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and the IRF-7 interferon-stimulated responsive element (ISRE) of transcription factors
belonging to the STAT1 and STAT3 bind IRF-1 GAS, whereas STAT1, STAT2, IRF-1,
and IRF-9 bind IRF-7 ISRE. Antioxidant treatment blocks RSV-induced binding to both
IRF-1 GAS and IRF-7 ISRE and inhibits RSV-induced STAT1 and -3 phosphorylation
and nuclear translocation. These data suggest that RSV-induced ROS formation is
involved in STAT activation and IRF gene expression, following RSV infection.
Although protein tyrosine phosphorylation is necessary for RSV-induced STAT
activation and induction of IRF promoter, Janus kinase (JAK) and Src kinase activation
do not mediate this effect. Interestingly, RSV infection induces a significant decrease in
intracellular tyrosine phosphatase activity, which is restored by antioxidant treatment, and
pharmacological inhibition of tyrosine phosphatases in airway epithelial cells induces
STAT activation. Together, these results suggest that modulation of phosphatases could
be an important mechanism of virus-induced STAT activation. Finally, treatment of
alveolar epithelial cells with the NADPH oxidase inhibitor diphenylene iodonium (DPI)
abolishes STAT activation, indicating that NAD(P)H oxidase system is an important
enzyme for the generation of ROS and the subsequent activation of STAT, following
RSV infection. This study provides novel insights into the role of ROS in virus-induced

IRF and STAT protein activation.
MATERIALS AND METHODS

Reagents

Antibodies anti-STAT1 (sc-592X), anti-STAT2 (sc-476X), anti-STAT3 (sc-
482X), anti-STATS (sc-1656X), anti-tyrosine-phosphorylated STAT1 (sc-8394), anti-
tyrosine-phosphorylated STAT3 (sc-8059), anti-IRF-1 (sc-497X), and anti-IRF-9 (sc-
496X) were purchased from Santa Cruz Biotechnology. The chemical inhibitors AG490,

AG82, protein phosphatase (PP)1, PP2, and DPI were purchased from Calbiochem.
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RSV Preparation

The A2 strain of RSV was grown in Hep-2 cells and purified by centrifugation on
discontinuous sucrose gradients as described elsewhere (47). The virus titer was
determined by a methyl-cellulose plaque assay. No contaminating cytokines were found
in these sucrose-purified viral preparations (48). Viral pools were routinely tested for
mycoplasma contamination by PCR analysis and were used if they had <0.125 EU/ml
endotoxin (by Limulus assay). Virus pools were aliquoted, quick frozen on dry
ice/alcohol, and stored at —70 °C until used.
Cell Culture and Infection of Epithelial Cells with RSV

A549, human alveolar type Il-like epithelial cells (ATCC), were maintained in
F12K medium containing 10% (v/v) fetal bovine serum, 10 mM glutamine, 100 TU/ml
penicillin, and 100 pg/ml streptomycin. Cell monolayers were infected with RSV at a
multiplicity of infection of 1 (unless otherwise stated), as described previously (23). An
equivalent amount of a 20% sucrose solution was added to uninfected A549 cells, as a
control. When BHA or other inhibitors were used, cells were pretreated with the
compound for 1 h and then infected in the presence of that compound. Because BHA was
diluted in ethanol and the other inhibitors in dimethyl sulfoxide, equal amounts of either
ethanol or dimethyl sulfoxide were added to untreated cells, as a control. The total
number of cells and cell viability, following treatment, was measured by trypan blue
exclusion.
Northern Blot

Total RNA was extracted from control and infected A549 cells by the acid
guanidinium thiocyanate-phenol chloroform method. 20 pg of RNA was fractionated on a
1.2% agarose-formaldehyde gel, transferred to nylon membranes, and hybridized to a

radio-labeled IRF-1, IRF-7, and RSV N protein cDNAs as described previously (29,49).

15



The hybridization temperature for all probes was 60 °C. After washing, membranes were
exposed for autoradiography with Kodak XAR film at —70 °C, using intensifying screens.
After exposure, membranes were stripped and rehybridized with a B-actin probe.
Cell Transfection

To investigate IRF-1 and -7 gene transcription, we transiently transfected A549
cells with the IRF-1 or -7 promoter, linked to the luciferase reporter gene (generous gifts
from Dr. A. B. Deisserot, Yale University, New Haven, and Dr. P. M. Pitha, Johns
Hopkins, Baltimore, respectively) (50-51). Logarithmically growing A549 cells were
transfected in triplicate in 60-mm Petri dishes by DEAE-dextran, as described previously
(11). Cells were incubated in 2 ml of HEPES-buffered Dulbecco's modified Eagle's
medium (10 mM HEPES, pH 7.4) containing 20 pl of 60 mg/ml DEAE-dextran
(Amersham Biosciences) premixed with 6 pug of either IRF-1 or -7 plasmids and 1 pg of
cytomegalovirus P-galactosidase internal control plasmid. After 3 h, the medium was
removed, and 0.5 ml of 10% (v/v) dimethyl sulfoxide in phosphate-buffered saline was
added to the cells for 2 min. Cells were washed with phosphate-buffered saline and
cultured overnight in 10% fetal bovine serum and Dulbecco's modified Eagle's medium.
The next morning, cells were infected with RSV, and cells were lysed at different times
postinfection to measure independently luciferase and -galactosidase reporter activity, as
described previously (11). Luciferase was normalized to the internal control [3-
galactosidase activity. All experiments were performed in duplicate or triplicate.
Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts of uninfected and infected A549 cells were prepared using
hypotonic/nonionic detergent lysis, as described previously (11). Proteins were

normalized by protein assay (Protein Reagent, Bio-Rad) and used to bind to a duplex
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oligonucleotide corresponding to the IRF-1 GAS and IRF-7 ISRE, whose sequences are

as follows:

IRF-1 GAS, 5-GATCCAGCCTGATTT CCCCGAAATGACGGC-3'
3'-CGGACTAAAGGGGCTTTACT GCCGCTCTAG-5'

IRF-7 ISRE, 5'-TTTAGGTTT CGCTTT CCCGGG-3'
3-TCCAAAGCGAAAGGGCCCTCG-5'

DNA binding reactions contained 10—15 ug of nuclear proteins, 5% glycerol, 12
mM HEPES, 80 mM NaCl, 5 mM dithiothreitol, 5 mM Mg,Cl, 0.5 mM EDTA, 1 pg of
poly(dI-dC), and 40,000 cpm of **P-labeled double-stranded oligonucleotide in a total
volume of 20 pl. The nuclear proteins were incubated with the probe for 15 min at room
temperature and then fractionated by 4% nondenaturing PAGE in 0.5x TBE buffer (22
mM Tris-HCI, 22 mM boric acid, 0.25 mM EDTA, pH 8) at 120 volts. After
electrophoretic separation, gels were dried and exposed for autoradiography with Kodak
XAR film at —70 °C using intensifying screens. In the gel mobility supershift, commercial
antibodies against specific transcription factors were added to the binding reactions and
incubated on ice for 1 h prior to fractionation on 4% PAGE.
Western Immunoblot

Nuclear proteins were prepared as described previously, fractionated by SDS-
PAGE, and transferred to polyvinylidene difluoride membrane (11). Membranes were
blocked with 5% albumin in TBS-Tween and incubated overnight with antibody
recognizing the tyrosine-phosphorylated form of STATI1 and STAT3. Membranes were

stripped and reprobed with antibodies to STATI1 and STAT3. For secondary detection,
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we used a horseradish-coupled anti-rabbit or anti-mouse antibody, in the enhanced
chemiluminescence assay (Amersham Biosciences).
Intracellular Tyrosine Phosphatase Assay

Total intracellular tyrosine phosphatase activity was performed using the tyrosine
assay kit from Promega, according to manufacturer's protocol. This is a colorimetric
assay that determines the amount of free phosphate generated in a reaction, which
includes the source of phosphatase plus a tyrosine phosphopeptide, by measuring the
absorbance of a molybdate-malachite green-phosphate complex. Briefly, total cell lysates
from A549 cells, control and infected with RSV, in the absence or presence of 400 M
BHA, were prepared using radioimmune precipitation assay buffer, as described
previously (29). Excess free phosphate was removed from cell lysates using the provided
spin columns and 3 pg of samples were mixed with 100 uM tyrosine phosphopeptide
substrate and incubated at 30°C for 20—-60 minutes. Reactions were stopped adding a
molybdate dye solution, color was allowed to develop for 15-20 minutes, and absorbance
was read at 600 nm with a plate reader. Phosphatase activity was expressed as generation
of pmol of free phosphate/min/pg of protein.

RESULTS

BHA Inhibits RSV-induced IRF Transcription

We have recently shown that RSV infection of A549 cells, type II-like alveolar
epithelial cells, induced IRF-1 and -7 gene expression, and antioxidant treatment greatly
diminished RSV-induced steady-state IRF mRNA levels (29). Treatment of A549 cells
with 400 uM BHA almost completely abolished the expression of IRF-1 and IRF-7 genes
following RSV infection, without significantly affecting viral replication, as determined

by levels of RSV N protein expression (Figure 2.1).
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FIGURE 2.1 NORTHERN BLOT OF IRF

BHA: . - + MRNA IN  RSV-INFECTED EPITHELIAL
CELLS. A549 cells were infected with RSV
RSV: s + + for 15 h in the absence or presence of 400 uM
BHA. 20 pg of RNA extracted from control

IRF-1 and infected cells were fractionated on a 1.2%
agarose-formaldehyde gel, transferred to
nylon membrane, and hybridized to

IRF-7 radiolabeled IRF-1, IRF-7, and RSV N
protein cDNA probes. Membranes were
stripped and hybridized with a radiolabeled B-

RSV N actin probe to show equal loading of the
samples.

B-ACTIN Antioxidant treatment slightly reduced
cell viability (a decrease of ~10% in BHA-
treated cells versus untreated, data not shown)

without reducing the amount of virus released by infected cells, as shown previously

(29). Previous studies, investigating interferon-f3 and -y stimulation of IRF-1 and -7 gene

induction, have demonstrated that IRF gene expression is controlled at the transcription

level (51-54). To determine whether IRF-1 gene transcription was increased after RSV
infection, A549 cells were transiently transfected with a construct containing 1.3 kb of
the human IRF-1 promoter linked to the luciferase reporter gene (50). The day after, cells
were infected with RSV for various lengths of time and harvested to measure luciferase
activity. As shown in Figure 2.2A, RSV infection induced a time-dependent increase in

IRF-1 promoter activation, which started between 3 and 6 h postinfection, peaked at 12 h,

and started to decrease at 24 h. To determine whether the antioxidant effect of BHA

influenced IRF gene transcription, A549 cells were transfected with the IRF-1 promoter,

infected with RSV in the absence or presence of 400 uM BHA, and harvested 12 h later

to measure luciferase activity. We have shown previously that a 400 uM concentration of

19



BHA is able to block ~90% of RSV-induced ROS production without interfering with
cell viability (29). As shown in Figure 2.2B, treatment with BHA completely abolished
RSV-induced luciferase activity, suggesting that the antioxidant inhibits IRF-1 gene

expression, at least partially, by interfering with gene transcription.

2500

18007
| 1 Control
1600— N RSV

HHE BHA
1400—

1200~

[ Control
2000 - W RSV
1500 -
1000
1000 8007
} 600 —
500 ‘; } 400 —
| } 200~
o |
6h 12h 24 0

h

NORMALIZED LUCIFERSE ACTIVITY
NORMALIZED LUCIFERASE ACTIVITY @

FIGURE 2.2 IRF-1 PROMOTER ACTIVATION AFTER RSV INFECTION A) time course.
AS549 cells were transiently transfected with the IRF-1 promoter plasmid and infected
with RSV, multiplicity of infection of 1. At different times postinfection, cells were
harvested to measure luciferase activity. Uninfected plates served as controls. B) effect of
BHA. A549 cells were transfected with the IRF-1 promoter plasmid, infected with RSV
for 12 h, in the absence or presence of 400 uM BHA, and harvested to measure luciferase

activity. For each plate luciferase was normalized to the B-galactosidase reporter activity.
Data are expressed as the mean + S.D. of normalized luciferase activity.

To investigate IRF-7 gene transcription following RSV infection, we performed
similar studies using A549 cells transiently transfected with a construct containing 1.7 kb
of the human IRF-7 promoter linked to the luciferase reporter gene (52). As with IRF-1,
RSV infection induced a time-dependent increase in luciferase activity, which started
around 3 h postinfection, peaked at 6 h, and then declined after 12 h Figure 2.3A.
Similarly, BHA treatment completely abolished RSV-induced Iuciferase activity,
indicating that antioxidant treatment also inhibits IRF-7 gene transcription Figure 2.3B. It

is important to notice that, although BHA treatment inhibited RSV-induced IRF-1 and -7
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promoter activation, it did not affect the basal level of transcription of both genes,
indicating that BHA affects only the inducible component of gene transcription. We have
also shown previously that BHA does not affect expression of constitutively transcribed

cellular genes, such as B-actin (29).
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FIGURE 2.3 IRF-7 PROMOTER ACTIVATION AFTER RSV INFECTION A) Time course.
A549 cells were transiently transfected with the IRF-7 promoter plasmid and infected
with RSV, multiplicity of infection of 1. At different times postinfection, cells were
harvested to measure luciferase activity. Uninfected plates served as controls. B) Effect
of BHA. A549 cells were transfected with the IRF-7 promoter plasmid, infected with
RSV for 6 h, in the absence or presence of 400 uM BHA, and harvested to measure
luciferase activity. For each plate luciferase was normalized to the [(-galactosidase
reporter activity. Data are expressed as the mean + S.D. of normalized luciferase activity.
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RSV-Induced STAT Activation Is Redox-Sensitive

Several studies have investigated the promoter elements involved in the regulation
of IRF-1 gene expression and have identified the GAS as a major site necessary for
inducible transcription (52). To determine whether RSV infection produced changes in
the abundance of DNA-binding proteins recognizing the IRF-1 GAS, EMSAs were

performed with nuclear extracts prepared from A549 cells, control and infected with RSV
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for various lengths of time. As shown in Figure 2.4A, a single nucleoprotein complex
(C3) was formed from nuclear extracts of control cells on the IRF-1 GAS probe. RSV
infection induced the appearance of two other complexes, C1 and C2 (better resolved on
longer electrophoresis as in Figure 2.4C, starting between 1 and 3 h postinfection,
peaking around 3-6 h, and declining after 12 h of infection. The sequence specificity of
the different complexes was examined by competition with unlabeled oligonucleotides in
EMSA Fig. 4B. C1 and C2 were competed by the wild type but not by the mutated
oligonucleotide, indicating GAS-specific binding. IRF-1 GAS has been shown to bind
transcription factors of the STAT family (55). To determine the composition of the RSV-
inducible complexes, we performed supershift assays using a panel of antibodies reacting
with the different members of STAT family of transcription factors. The anti-STAT1
antibody induced the disappearance of C2 and the appearance of a supershifted band,
whereas the anti-STAT3 antibody caused a reduction of C1 and the appearance of a
supershifted band (supershifted complexes are indicated by the arrows), as shown in
Figure 2.4C. Antibodies recognizing STAT2, STATS, and IRF-9 did not induce changes
in binding or mobility shifts. These data indicate that STAT1 and -3 are the major
components of the RSV-inducible IRF-1 GAS complexes.

To determine whether BHA-induced inhibition of IRF-1 gene transcription was
the result of changes in STAT binding to the IRF-1 GAS, we performed EMSAs using
nuclear extracts prepared from A549 cells, control or infected with RSV for 3 h, in the
absence or presence of BHA. As shown in Figure 2.5, RSV infection induced a
significant increase in STAT binding, which was completely abolished by treatment with

BHA.
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B FIGURE 2.4 EMSA OF IRF-1
GAS BINDING COMPLEXES IN
RESPONSE TO RSV
INFECTION A) Autoradiogram

12h  Comp: -~ WT MUT of time course. Nuclear

extracts were prepared from
control and RSV-infected
A549 cells at the indicated
times and used for EMSA. The
time (in h) following RSV
infection is indicated at the
top. B) Competition assay.
Nuclear extracts of A549 cells
infected for 6 h were used in
the EMSA. 2 pM unlabeled
wild type (WT) or mutated
(MUT)  competitors  were
included in the binding
reaction as indicated at the top.
C) Supershift interference
assay. Nuclear extracts of
A549 cells infected for 6 h
were used in the EMSA in the
presence of preimmune serum
(PI), anti-STATI1, -2, -3, -5,
and anti-IRF-9 antibodies.
Arrows indicate supershifted
complexes.

FIGURE 2.5 EMSA OF IEF-1 GAS  BINDING
COMPLEXES IN RESPONSE TO ANTIOXIDANT
TREATMENT Nuclear extracts were prepared from
A549 cells, control and infected with RSV for 3 h, in
the absence or presence of 400 uM BHA, and used for
binding to the IRF-1 GAS in EMSA. Shown are the
inducible complexes formed on the probe in response to
RSV infection.
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IRF-7 gene transcription is controlled mainly through activation of the promoter
ISRE site, which binds transcription factors of the STAT and IRF families (51). To
determine whether inhibition of RSV-induced IRF-7 transcription by antioxidant
treatment was also the result of changes in abundance of proteins binding to the IRF-7
ISRE, we performed EMSAs using nuclear extracts of A549 cells, control and infected
with RSV for various lengths of time, in the presence or absence of BHA. As shown in
Figure 2.6A, a single nucleoprotein complex (C3) was formed from nuclear extracts of
control cells on the IRF-7 ISRE probe. RSV infection induced the appearance of three
other complexes, C1, C2, and C4, starting around 3 h postinfection, with a progressive
increase in binding intensity at 6 h and a decline after 12 h of infection. Antioxidant
treatment greatly reduced binding of the RSV-inducible complexes to the ISRE probe at
all time points. The sequence specificity of the different complexes was examined by
competition with unlabeled oligonucleotides in EMSA (Figure 2.6B). C1, C2, and C4
were competed by the wild type but not by the mutated oligonucleotide, indicating
binding specificity. Supershift assays showed that anti-IRF-1 antibody induced a
reduction of C4 and appearance of supershifted bands (indicated by the arrows), whereas
the anti-STATI, -2, and IRF-9 antibodies caused the disappearance or reduction of C1
and, in case of anti-STAT2, the appearance of a faint supershifted band (Figure 2.6C).
These data indicate that IRF-1 is the major component of the RSV-inducible C4, and
STATI1, STAT2, and IRF-9, which together form the ISGF3 complex, are the major
components of C1. We were not able to identify the composition of C2.

STAT proteins are constitutively expressed and, in unstimulated cells, are located
in the cytoplasm. Upon activation, they are phosphorylated on specific tyrosine residues,
a post-translational modification necessary for dimerization and nuclear translocation,

both of which are required for DNA binding (56). To determine whether RSV infection
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of A549 cells induced STATI tyrosine phosphorylation, we performed Western blot
analysis of nuclear proteins extracted from A549 cells uninfected or infected for various
lengths of time. As shown in Figure 2.7A, RSV infection induced a time-dependent
increase in tyrosine phosphorylation and nuclear translocation of STATI, starting
between 1 and 3 h postinfection. To determine whether BHA inhibition of RSV-induced
STAT binding to the IRF-1 GAS was the result of inhibition of STAT phosphorylation,
we performed Western blot analysis of nuclear proteins extracted from A549 cells
uninfected or infected for various lengths of time, in the presence or absence of BHA,

using anti-STAT1 phosphotyrosine-specific antibodies.

A FIGURE 2.6 EMSA OF IRF-7
ISRE-BINDING COMPLEXES IN

RESPONSE TO RSV INFECTION

REVE = Sh e it 2 A) Effect of antioxidant
BHA: — - + — 4+ — + o 4 Comp: - WI MUT treatment. Nuclear extracts were
prepared from A549 cells,
control and infected with RSV
for various lengths of time, in
the absence or presence of 400
uM BHA, and used for EMSA.
The time (in h) after RSV
infection is indicated at the top.
) B) Competition assay. Nuclear
» & &S extracts of A549 cells infected
for 6 h were used in the EMSA.
¢ l 2 pM unlabeled wild type (WT)
. ' — or mutated (MUT) competitors

were included in the binding
reaction as indicated at the top.
cl . . v C) Supershift interference assay.

Nuclear extracts of A549 cells
C2 0 B b b infected for 6 h were used in the
EMSA in the presence of
preimmune serum (PI), anti-
STATI, -2, -3, and anti-IRF-1
and -9 antibodies. Arrows
indicate supershifted complexes.
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FIGURE 2.7 EFFECT OF BHA ON STAT1 PHOSPHORYLATION AND NUCLEAR
ABUNDANCE A) Time course. Nuclear extracts were prepared from A549 cells, control
and infected with RSV for 1, 3, 6, and 12 h and assayed for phosphorylated STAT1 by
Western blot. B) Effect of BHA. A549 cells were infected with RSV for 1, 3, and 6 h in
the absence or presence of 400 uM BHA. Cells were harvested to prepare nuclear
extracts, and equal amounts of protein from control and infected cells were assayed for
phosphorylated and total STAT1 by Western blot.
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FIGURE 2.8 EFFECT OF BHA ON STAT3 PHOSPHORYLATION AND NUCLEAR
ABUNDANCE A) Time course. Nuclear extracts were prepared from A549 cells, control
and infected with RSV for 3, 6, and 12 h, and assayed for phosphorylated STAT3 by
Western blot. B) Effect of BHA. A549 cells were infected with RSV for 3 and 6 h, in the
absence or presence of 400 uM BHA. Cells were harvested to prepare nuclear extracts,
and equal amounts of protein from control and infected cells were assayed for
phosphorylated and total STAT3 by Western blot.
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As shown in Figure 2.7B, RSV-induced STAT1 phosphorylation was completely
blocked by BHA treatment. The same blot was stripped and reprobed with an anti-
STATI1 antibody, showing two forms of nuclear STAT. The first form is present in
uninfected and infected cells and is not affected by antioxidant treatment. The second
form is RSV-inducible and disappears following BHA treatment, likely representing the
tyrosine-phosphorylated STAT1. RSV infection also induced a time-dependent increase
in the abundance of nuclear phosphorylated STAT3, as shown in Figure 2.8A.
Antioxidant treatment completely abolished RSV-induced STAT3 phosphorylation, as
shown in Figure 2.8B. The same blot was stripped and reprobed with an anti-STAT3
antibody, showing that RSV-induced STAT3 nuclear translocation was greatly reduced
by BHA treatment. Together, these data indicate that RSV-induced ROS formation is

involved in STAT activation and IRF gene expression.

RSV Infection Inhibits Tyrosine Phosphatase Activity, Restored by Antioxidants

A number of receptor-associated and nonreceptor-associated tyrosine kinases
have been show to phosphorylate STAT proteins (56). Among them, the best
characterized ones are the JAKs. JAKs are a family of tyrosine kinases which includes
JAK1, 2, 3, and Tyk2. JAK1, JAK2, and Tyk2 are ubiquitously expressed, whereas JAK3
is tissue-specific. JAK1 can form heterodimers with JAK2, JAK3, or Tyk2, depending on
the activating stimulus (57). To determine whether RSV infection induced JAK
activation, we measured JAK2 and Tyk2 phosphorylation by Western blot. We did not
detect significant levels of JAK phosphorylation at early time points of infection, from 1
to 6 h, when RSV-induced STAT activation occurs, although there was increased JAK2
and Tyk2 tyrosine phosphorylation following stimulation of A549 cells with interferon-y

and -, respectively (data not shown). Furthermore, an inhibitor of JAK2 activation,
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AG490, did not block RSV-induced STAT binding to the IRF-1 GAS or activation of the
IRF-1 promoter (data not shown). We also investigated kinases belonging to the Src
family, which have been shown to mediate receptor-independent STAT protein tyrosine
phosphorylation (58-59), using the broad spectrum Src kinase family inhibitors PP1 and
PP2 (60). Similar to the results of AG490, neither PP1 or PP2 inhibited STAT activation
and IRF-1 promoter induction following RSV infection, suggesting that other molecules
might be involved. However, tyrosine phosphorylation is an important event in regulating
RSV-induced STAT activation because treatment of A549 cells with a generic tyrosine
kinase inhibitor, AGS82, significantly reduced STAT binding to the IRF-1 GAS (Fig. 9A)
and IRF-1 promoter induction (Figure 2.9B), following RSV infection. Protein
phosphorylation is a reversible and dynamic process, which requires not only protein
kinases but also protein phosphatases (PPs). H,O, treatment has been shown to induce an
increase in the overall intracellular levels of protein tyrosine phosphorylation, and it has
been suggested that one of the mechanisms mediating the biological effects of H,0O,
treatment is inhibition of PPs (61). To determine whether RSV infection alters PP
function, we assayed total intracellular protein-tyrosine phosphatase activity in cells
uninfected or infected with RSV, in the absence or presence of antioxidant. As shown in
Figure 2.10, RSV infection significantly decreased protein-tyrosine phosphatase activity
in the first 12 h of infection, with maximal inhibition at 3 h postinfection, when there is
significant RSV-induced STAT phosphorylation, which was completely reversed by
BHA treatment. Protein-tyrosine phosphatase activity returned to control levels at 24 h
postinfection. To confirm the possibility that inhibition of tyrosine phosphatase activity in
airway epithelial cells can lead to STAT activation, we determined STATI
phosphorylation, by Western blot analysis, in A549 cells treated with sodium pervanade,

a derivative of the tyrosine phosphatase inhibitor sodium orthovanadate. As shown in
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Figure 2.11, there was a significant induction of tyrosine-phosphorylated STAT1 shortly
after cellular treatment with the inhibitor, suggesting that modulation of phosphatases can

indeed be an important mechanism of virus-induced STAT activation.
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FIGURE 2.9 TYROSINE PHOSPHORYLATION IS NECESSARY FOR STAT-MEDIATED
IRF PROMOTER ACTIVATION A) nuclear extracts were prepared from A549 cells,
control and infected with RSV for 6 h, in the absence or presence of either 10 or 50 uM
AG82, and used for binding to the IRF-1 GAS in EMSA. B) A549 cells were transiently
transfected with the IRF-1 promoter plasmid, infected with RSV in the presence or
absence of 50 uM AG82, and harvested at 12 h postinfection to measure luciferase
activity. Uninfected plates served as controls.
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FIGURE 2.10 EFFECT OF VIRAL INFECTION AND ANTIOXIDANT TREATMENT ON
INTRACELLULAR TYROSINE PHOSPHATASE ACTIVITY Total cell lysates were prepared
from A549 cells, uninfected and infected with RSV, in the absence or presence of 400
uM BHA, and assayed for intracellular tyrosine phosphatase activity. Values are
expressed as a percent of positive or negative change compared with uninfected cells.
Bars represent the mean value of triplicate samples of one experiment, n = two
experiments.
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FIGURE 2.11 INHIBITION OF TYROSINE PHOSPHATASES INDUCES STATI1
PHOSPHORYLATION Cytoplasmic (Cyto) and nuclear extracts (NE) were prepared from
A549 cells, control and treated with 100 pM sodium pervanadate for 15 and 30 min, and
assayed for phosphorylated STAT1 by Western blot. Membrane was stripped and
reprobed with an antibody recognizing total STATI.

NAD(P)H Oxidase Is Involved in RSV-induced STAT Activation

An important source of inducible intracellular ROS, generated in response to a
variety of stimuli, is the membrane-bound NAD(P)H oxidase system (62). To test
whether RSV-induced STAT activation was mediated through ROS production by this
enzyme complex, we treated RSV-infected A549 cells with DPI, a known NAD(P)H
oxidase inhibitor. As shown in Figure 2.12, DPI completely abolished RSV-induced
STAT binding to the IRF-1 GAS, indicating that the NAD(P)H oxidase system is an
important enzyme for the generation of ROS and subsequent activation of STAT
following RSV infection. Because DPI is not completely specific for NAD(P)H oxidase,
we investigated the effect of inhibitors of nitric oxide synthase (N-nitro-L-arginine
methyl ester), and mitochondrial electron transport (rotenone and antimycin A) on STAT
activation. Although N-nitro-L-arginine methyl ester and rotenone did not have any effect
on STAT binding to the IRF-1 GAS, antimycin A partially reduced STAT activation,

probably by virtue of reducing the overall ROS intracellular load (data not shown).
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FIGURE 2.12 EFFECT OF NAD(P)H OXIDASE INHIBITION ON STAT ACTIVATION.
Nuclear extracts were prepared from A549 cells, control and infected with RSV for 6 h,
in the absence or presence of 50 uM DPI, and used for binding to the IRF-1 GAS in
EMSA. Shown are the inducible nucleoprotein complexes formed on the probe in
response to RSV infection.

DISCUSSION

Lower respiratory tract infections caused by RSV are characterized by profound
cellular inflammation of the airway mucosa, which contributes to disease manifestations
including air flow limitation, lung atelectasis/emphysema, and hypoxemia (1). The
mechanisms that regulate airway inflammation in viral respiratory infections are not fully
understood. However, airway epithelial cells represent a major initiator of pulmonary
host defense and inflammatory reactions by their ability to synthesize and secrete soluble
mediators, upon injury or infection, which are important for the recruitment and
activation of immune/inflammatory cells. Indeed, airway epithelial cells infected with
RSV produce a variety of these proinflammatory molecules, such as cytokines and
chemokines (44).

The intracellular signaling events leading to RSV-induced gene expression are
mostly unknown. Free radicals and ROS species have recently been shown to function as
second messengers influencing a variety of molecular and biochemical processes,

including expression of a number of genes (31). Virus-induced ROS generation has been
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linked to NF-kB activation and gene expression in influenza virus and human
immunodeficiency virus-infected cells (63). We have shown recently that antioxidant
treatment of airway epithelial cells blocked RSV-induced RANTES gene expression and
protein secretion, through inhibition of de novo IRF-1 and -7 gene expression and protein
synthesis and IRF-3 nuclear translocation (29). In the present study we have investigated
the mechanism of inhibition of IRF induction by antioxidant treatment. We show that
RSV infection of alveolar epithelial cells induces IRF-1 and -7 gene transcription in a
time-dependent manner, which is completely blocked following antioxidant treatment.
RSV infection induces STAT protein phosphorylation, nuclear translocation, and binding
to the IRF-1 and -7 promoters, an event necessary for IRF-inducible transcription, as seen
with interferon stimulation (51-52) Antioxidant treatment completely abolishes RSV-
induced STAT activation by blocking tyrosine phosphorylation, therefore preventing
STAT translocation and DNA binding to both the IRF-1 GAS and IRF-7 ISRE promoter
sequences. Oxidative stress has been traditionally linked to activation of the transcription
factors NF-kB and AP-1 and the ras/rac mitogen-activated protein kinase pathway (31)
and (46). However, recent studies have shown that activation of the JAK-STAT pathway
is also redox-sensitive. Simon et al. (64) demonstrated that STAT1 and STAT3 are
activated in response to H,O, in fibroblasts, and JAK-STAT activation following
stimulation with angiotensinogen II and oxidized low-density lipoprotein is inhibited by
antioxidant treatment (65-66). Little is known about the role of ROS in virus-induced
STAT activation. Very recently Gong et al. (67) have shown that the human hepatitis C
virus NS5A protein alters intracellular calcium levels, triggering ROS formation and
nuclear translocation of NF-kB and STAT3, which is completely inhibited by the use of
antioxidants. Similarly, the hepatitis B virus X protein induces ROS formation through
association with an outer mitochondrial anion channel, an event that leads to NF-xB and
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STATS3 activation, which is sensitive to antioxidant treatment, as well as manganese
superoxide dismutase overexpression (68). In this study we have shown that RSV-
induced STAT activation also seems to be ROS-dependent because it is completely
blocked by antioxidant treatment. The mechanism involved in ROS formation and STAT
activation, following RSV infection, is not clear yet. We investigated possible tyrosine
kinase signaling complexes leading to STAT activation in alveolar epithelial cells
following RSV infection. The use of standard JAK2 and Src kinase inhibitors failed to
block RSV-induced STAT activation, and we did not find consistent activation of Tyk2 at
early time points of infection, suggesting that alternative pathways could be involved,
such as the mitogen-activated protein kinase kinase kinase, MEKK1, which has been
shown to regulate STAT3 activation (69). However, we found that RSV infection
significantly inhibited protein-tyrosine phosphatase activity, which was restored by
antioxidant treatment. Very little information is available regarding virus-induced
regulation of protein-tyrosine phosphatase activity and their role in signaling pathways
activated by viral infections. However, exogenous H,O; treatment has been shown to
induce an increase in the overall intracellular levels of protein tyrosine phosphorylation,
triggering activation of multiple signaling molecule and transcription factors, ultimately
leading to gene expression (61) and it has been suggested that one of the mechanisms
mediating the biological effects of H,O, treatment is inhibition of protein phosphatases
(61). More specifically, two studies have shown that H,O, inhibits specific protein-
tyrosine phosphatases, whereas antioxidants can increase protein-tyrosine phosphatase
activity (70-72). It is possible that virus-induced ROS activate STAT through an
imbalance between cellular tyrosine kinases and phosphatases, resulting in increased net
phosphorylation and therefore activation. Interestingly, we have shown that airway

epithelial cell treatment with pervanade, a derivative of the tyrosine phosphatase inhibitor
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orthovanadate, can induce STAT1 phosphorylation. Similar results have been reported in
other cell types, and STAT activation as well as subsequent STAT-driven gene
expression occurs in a ligand-independent manner, which does not require JAK1, JAK2,
or Tyk2 activity (73-75).

Intracellular ROS can be generated by different systems, including the NAD(P)H
oxidase system, the mitochondrial electron transport chain, and enzymes such as xanthine
oxidase, and cyclooxygenase plays an important role in the regulation of intracellular
signaling cascades in various cell types including fibroblasts, endothelial cells, myocytes,
smooth muscle cells, etc. (76). In our study, treatment of RSV-infected alveolar epithelial
cells with DPI, an inhibitor of the NAD(P)H complex, completely abolishes virus-
induced STAT activation, suggesting that the NAD(P)H oxidase system is an important
enzyme for the generation of ROS and subsequent activation of STAT, following RSV
infection. Indeed, angiotensinogen II-induced STAT activation occurs via the NAD(P)H
oxidase system (77), and Racl, a small GTP-binding protein that is part of the NAD(P)H
complex in nonphagocytic cells, has been shown to regulate STAT3 activity (78).
Because DPI is not completely specific for NAD(P)H oxidase, current studies are in
progress to define better the role of NAD(P)H complex in RSV-induced ROS formation
and STAT activation, by looking at membrane translocation of components of the
oxidase system and by interference with its activation overexpressing dominant negative
mutants of Racl.

In summary, our study indicates that RSV-induced ROS formation, occurring
likely through the NAD(P)H oxidase system, is involved in STAT activation, and
subsequent IRF-1 and -7 gene expression. Modulation of intracellular tyrosine
phosphatase activity, following viral infection, could potentially be a very important

mechanism involved in activation of molecules regulated by tyrosine phosphorylation-
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like STAT proteins. Identification of the molecular mechanisms involved in RSV-
induced gene expression is fundamental for developing strategies to modulate the

inflammatory responses associated with RSV infection of the lung.
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CHAPTER 3: IKKEPSILON REGULATES VIRAL-INDUCED
INTERFERON REGULATORY FACTOR-3 ACTIVATION VIA A
REDOX-SENSITIVE PATHWAY*

ABSTRACT

Respiratory syncytial virus (RSV)-induced chemokine gene expression occurs
through the activation of a subset of transcription factors, including Interferon Regulatory
Factor (IRF)-3. In this study, we have investigated the signaling pathway leading to RSV-
induced IRF-3 activation and whether it is mediated by intracellular reactive oxygen
species (ROS) generation. Our results show that RSV infection induces expression and
catalytic activity of IKKe, a noncanonical IKK-like kinase. Expression of a kinase-
inactive IKKe blocks RSV-induced IRF-3 serine phosphorylation, nuclear translocation
and DNA-binding, leading to inhibition of RANTES gene transcription, mRNA
expression and protein synthesis. Treatment of alveolar epithelial cells with antioxidants
or with NAD(P)H oxidase inhibitors abrogates RSV-induced chemokine secretion, IRF-3
phosphorylation and IKKe induction, indicating that ROS generation plays a fundamental
role in the signaling pathway leading to IRF-3 activation, therefore, identifying a novel
molecular target for the development of strategies aimed to modify the inflammatory

response associated with RSV infection of the lung.
INTRODUCTION

RSV is an enveloped, negative-sense single-stranded RNA virus, belonging to the
paramyxovirus family. Since its isolation, RSV has been identified as a leading cause of

epidemic respiratory tract illness in children, in the U.S. and worldwide (9). RSV induces

* “Reprinted from Virology,Vol 353, Pages 155-165 Indukuri H., Castro S.M., Liao S., Feeney L., Dorsch
M., Coyle A. J., Garofalo R. P., Brasier A. R., and Casola A., Ikkepsilon Regulates Viral-Induced
Interferon Regulatory Factor-3 Activation Via A Redox-Sensitive Pathway, Copyright (2006), with
permission from Elsevier Limited License No. 1927820565947”
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a broad spectrum of clinical diseases ranging from otitis media to mild upper respiratory
infection, acute laryngeo-tracheo-bronchitis, or more severe lower respiratory tract
infections. In young children (1 month-2 years old), RSV infection can develop into
significant lower respiratory tract disease, histologically distinguishable into two
syndromes: (1) pneumonia, with diffuse mononuclear inflammation of the bronchi,
bronchioles and interalveolar walls; and (2) bronchiolitis, characterized by necrosis of the
bronchiolar epithelium, edema, and mononuclear cell infiltration of the bronchiolar
submucosa with mucus plugs and air trapping (79-80). Airway epithelial cells are the
main targets of RSV infection. Following inhalation or self-inoculation of the virus into
the nasal mucosa and infection of the local respiratory epithelium, RSV spreading along
the respiratory tract occurs mainly by cell-to-cell transfer of the virus along the
intracytoplasmic bridges (81). Under normal conditions, the respiratory epithelium is
responsible for clearance of inhaled particulates and maintenance of alveolar patency.
However, following inhalation of infectious agents, it is able to secrete a variety of
molecules involved in antiviral and innate immune responses, like interferons, cytokines
and chemokines, and therefore plays a major role in the initial host protective response to
viral infections. A number of molecules have been described that are produced by human
airway epithelial cells as a consequence of RSV infection. We, as well as others, have
demonstrated that RSV is a potent stimulus for chemokine production, including
interleukin (IL)-8 and RANTES, in cultured human nasal, bronchial and alveolar
epithelial cells (13,24,82). In the past few years, we have characterized the mechanisms
involved in RSV-induced expression of the chemokines IL-8 and RANTES, whose
expression in epithelial cells require viral replication (11,23,45). RSV-induced RANTES
expression is dependent on the activation of IRFs, especially IRF-3, which are absolutely

necessary for RANTES promoter induction (45). We have also shown that ROS are
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important mediators of RSV-induced RANTES gene expression, modulating IRF-1, -3
and -7 activation (29). Treatment of airway epithelial cells with the antioxidant butylated
hydroxyanisol (BHA) inhibits RSV-induced IRF-1 and -7 gene expression and protein
synthesis (29), through inhibition of Signal Transducers and Activators of Transcription
(STAT)-1 and -3 activation (83). BHA treatment also inhibits IRF-3 nuclear
translocation, indicating that a redox-sensitive pathway is involved in RSV-induced IRF-
3 activation (29). However, the signaling pathway(s) leading to RSV-induced IRF-3
activation, and whether it is ROS-dependent, is currently not known.

IRF-3 is a constitutively expressed protein, which is phosphorylated on several
serine/threonine residues present on the C-terminus of the protein, upon viral infection.
This event allows dimerization, nuclear localization and DNA-binding (84). Two separate
groups have identified the I kappa B kinase (IKK)-like molecule IKKg, together with
Tank Binding Kinase (TBK)I, as a critical component of the virus-activated kinase
(VAK) complex responsible for IRF-3 phosphorylation (85-86). Overexpression of IKKeg
induces IRF-3 and -7 nuclear translocation and binding to Interferon Regulated
Responsive Element (ISRE) promoter sites, leading to the expression IFN-f and
RANTES genes (85-86). In this study, we have investigated the role of IKKe, as well as
ROS generation, in RSV-induced IRF-3 activation. RSV induces IKKe mRNA
expression and protein synthesis, as well as its catalytic activity. Expression of a kinase-
inactive IKKe blocks RSV-induced RANTES gene transcription, mRNA expression and
protein synthesis. This occurs through inhibition of IRF-3 serine phosphorylation, an
event known to be necessary for viral-induced nuclear translocation, DNA-binding and
activation of chemokine gene transcription (84). Antioxidant treatment of alveolar
epithelial cells inhibits RSV-induced IRF-3 serine phosphorylation and IKKe induction.

Moreover, treatment of alveolar epithelial cells with various NAD(P)H oxidase
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inhibitors, including diphenylene iodonium (DPI), apocyanin and aminoethyl benzene
sulfonyl fluoride (AEBSF), significantly reduces RANTES secretion, IRF-3
phosphorylation and IKKe induction, indicating that NAD(P)H oxidase-produced ROS
are required for induction of the signaling pathway leading to IRF-3 activation in viral-

infected airway epithelial cells.
MATERIALS AND METHODS

RSV preparation

The RSV A2 strain was grown in Hep-2 cells and purified by centrifugation on
discontinuous sucrose gradients as described elsewhere (47). The virus titer of the
purified RSV pools, was 89 logl0 plaque forming units (PFU)/ml using a
methylcellulose plaque assay. No contaminating cytokines were found in these sucrose-
purified viral preparations (48). LPS, assayed using the limulus hemocyanin agglutination
assay, was not detected. Virus pools were aliquoted, quick-frozen on dry ice/alcohol and
stored at —70°C until used.
Cell culture and infection of epithelial cells with RSV

A549, human alveolar type II-like epithelial cells, and 293, a human embryonic
kidney epithelial cell line (ATCC), were maintained in F12K and MEM medium
respectively, containing 10% (v/v) FBS, 10 mM glutamine, 100 IU/ml penicillin and 100
ug/ml streptomycin. Cell monolayers were infected with RSV at multiplicity of infection
(MOI) of 3 (unless otherwise stated), as described (23). An equivalent amount of a 30%
sucrose solution was added to uninfected A549 cells, as a control. When inhibitors were
used, cells were pretreated for 1 h and then infected in the presence of the compound.
Since inhibitors were diluted either in ethanol or in DMSO, equal amount of diluent was

added to untreated cells, as a control. Total number of cells and cell viability, following
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treatment, were measured by trypan blue exclusion. No cell toxicity was observed for any
compound at concentrations used for the experiments.
Western Blotting

Total cell lysates were prepared by adding ice-cold lysis buffer (50mM Tris—HCI,
pH 7.4, 150mM NaCl, 1 mM EGTA, 0.25% sodium deoxycholate, ImM Na3VO04, 1 mM
NaF, 1% Triton X-100 and 1pg/ml of aprotinin, leupeptin and pepstatin. After incubation
on ice for 10 min, the lysates were collected and detergent insoluble materials were
removed by centrifugation at 4°C at 14,000 x g. Cytoplasmic and nuclear extracts were
prepared using hypotonic/nonionic detergent lysis, as previously described (11). Proteins
(20 to 50 pg per sample) were then boiled in 2% Laemmli buffer for 2 min and resolved
on SDS-PAGE. Proteins were transferred for 6h onto Hybond-ECL nitrocellulose
membrane (Amersham Pharmacia Biotech) and nonspecific binding sites were blocked
by immersing the membrane in TBST blocking solution [10 mM Tris—HCI, pH 7.6, 150
mM NaCl, 0.05% Tween-20 (v/v)] containing 5% skim milk powder or 5% bovine serum
albumin for 30min. After a short wash in TBST, the membranes were incubated with the
primary antibody overnight at 4°C, followed by an anti-rabbit peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology), diluted 1:10,000 in TBST for 30 min at
room temperature. After washing, the proteins were detected using ECL (Amersham
Pharmacia Biotech) according to manufacturer's protocol. The primary antibodies used
for Western blots were: rabbit anti-IKKe polyclonal (Millennium Pharmaceutical), rabbit
polyclonal antibody to phospho-IRF-3, which recognize the viral-induced C-terminal
phosphorylated form of the molecule (87), (a gift from Rongtuan Lin, McGill University,
Montreal, Canada), rabbit polyclonal antibodies against IRF-3 (Santa Cruz

Biotechnology).
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RANTES ELISA

Immunoreactive RANTES was quantified using the double antibody DuoSet
ELISA kit (R&D Systems) following the manufacturer's protocol.
Northern Blot and Real Time PCR

Total RNA was extracted from control and infected A549 cells by the acid
guanidium thiocyanate-phenol chloroform method (88). Twenty micrograms of RNA
were fractionated on a 1.2% agarose-formaldehyde gel, transferred to nylon membranes
and hybridized to a radiolabeled RANTES cDNA, as previously described (45). After
washing, membranes were exposed for autoradiography using Kodak XAR film at
—70°C, using intensifying screens. After exposure, membranes were stripped and
rehybridized with a B-actin probe. For IKKe amplification by real time PCR, Quantitative
Real Time PCR (Q-RT-PCR) Applied Biosystems assays-on-demand 20% 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 was: reverse
transcription 48°C for 30 min, AmpliTaq activation 95°C for 10 min, denaturation 95°C
for 15s and annealing/extension 60°C for 1 min (repeat 30 times) on ABI7000. Duplicate
CT values were analyzed in Microsoft Excel using the comparative CT (AACT) method
as described by the manufacturer (Applied Biosystems). The amount of target (2—AACT)
was obtained by normalizing to endogenous reference (18S) sample.
Plasmid construction and cell transfection

The PGL2-220 plasmid, containing the first 220 nucleotides of the RANTES

promoter, the IL-8 LUC, containing the first =162 nucleotides of the IL-8 promoter, as
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well as the plasmid containing multiple copies of the RANTES ISRE site linked to the
luciferase reporter gene, have been previously described (11-12,45). The IKKe wild type
and catalytically-inactive (K38A) plasmids were created by cloning the PCR product
corresponding to bases 324 to 2477 of the human IKKe gene into the pcDNA3 expression
vector, using the BamHI and Xbal cloning sites, as previously described (89). Mutation
of the lysine 38 residue to alanine was introduced by overlapping PCR (89). The plasmid
expressing a kinase inactive (DN) IKKp was a generous gift of Dr. Mercurio, Signal
Pharmaceutics, and has been previously described (90).

Logarithmically growing A549 or 293 cells were transfected in triplicate in 60mm
dishes using Fugene 6 (Roche). One pg of the reporter gene plasmid, 0.5ug of B-
galactosidase and 0.5pg of either IKKe wild type or K38A or IKKf DN expression
plasmid were premixed with FuGene6 in a 1:3 ratio (ug/ul), and added to the cells in 3ml
of regular medium. The next morning, cells were infected with RSV and at 12 or 24h
post-infection cells were lysed to measure independently luciferase and [-galactosidase
reporter activity, as previously described (11). Luciferase was normalized to the internal
control B-galactosidase activity. All experiments were performed at least three times.
IKKze stable cell lines

Tetracycline-inducible 293-IKKe wild type and kinase inactive cell lines were
generated using a modified version of the Tet-on system (91). 293T cells were transfected
with plasmids encoding a reverse tetracycline-inducible transactivator, a tetracycline-
regulated repressor, the puromycin resistance gene and IKKe (wild type or K38A mutant)
and GFP under the control of a bi-directional promoter (plasmids were kindly provided
by Dr. Jay Morgenstern, Millennium Pharmaceuticals). Transfection was performed
using Fugene 6, according to the manufacturer's instructions. Stably transfected cell lines

were selected in the presence of puromycin. Flow cytometry sorting was used to select
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cells that were GFP-negative in the absence of doxycycline and GFP-positive in its
presence. Cells were sorted as single cells into 96-well plates and resulting clones were
tested for inducible IKKz¢ protein expression by Western blot analysis.
Kinase assays

A549 cells were resuspended in lysis buffer [25mM Tris, pH 7.5, 150mM NaCl,
1.0% Triton X-100, 10.0% Glycerol. ImM DTT, 20mM B-glycerolphosphate, 0.2mM
sodium orthovanadate, 20mM p-Nitrophenyl enhanceosome phosphate (PNPP), ImM
PMSF, 1mM Benzamidine, and supplemented with 1 mini protease inhibitor tablet per
10ml]. Lysates were cleared by centrifugation at 14,000rpm for 10min at 4°C. 0.5mg
protein lysate was incubated for 3h at 4 with 7.5mg of IgG-purified anti-IKKe antibody,
followed by 1h incubation at 4°C with 20ml of protein G slurry (Amersham). Samples
were rotated end-over-end during all incubations. Protein G beads were pre-blocked and
equilibrated with lysis buffer containing 0.2 mg/ml BSA. After the immunoprecipitation,
the beads were collected by centrifugation for 3 min at 6,000 rpm and washed twice with
lysis buffer. Kinase assays with biotinylated IRF-3 peptide aa 380406
(GGASSLENTVDLHISNSHPLSLTSDQ) as substrate were performed out in a total
volume of 10 ml in kinase buffer containing 100 mM ATP, 1.0 mg of substrate and 0.33
uCi of 32P-yATP. The reaction was carried out for 30 min at 37°C and was terminated by
addition of 20ml of 7.5 M guanidine hydrochloride. The phosphorylated substrate was
spotted on SAM?2, a biotin capture membrane (Promega). Filters were washed several
times with 2M NaCl solution and phosphorylated substrate was visualized and analyzed

by Phospholmager after overnight exposure.
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RESULTS

RSV infection of airway epithelial cells induces IKKe activation

IKKe is an IKK-like kinase identified as part of a novel kinase complex which
can activate NF-xB following certain inducers like LPS and PMA (89,92). Recent studies
have reported a fundamental role of IKKe in IRF-3 activation and induction of IRF-3-
dependent genes, like IFN-a, IFN-f and RANTES (85-86). Expression of IKKe can be
either constitutive or inducible, depending on the cell type (85). To investigate whether
RSV infection of A549 cells induced IKKe expression, we performed Western blot
analysis of total cell lysates prepared from A549 cells uninfected or infected for various
lengths of time. As shown in Figure 3.1A, RSV infection caused a marked increase in
IKKe protein synthesis, starting around 6 h post-infection (p.i.) and peaking at 12 h. To
determine whether IKKe protein synthesis was paralleled by changes in steady-state level
of its mRNA, total RNA was extracted from cells uninfected and infected for various
length of time, and used to amplify IKKe gene by RT-PCR (93). As shown in Figure
3.1B, RSV-induced IKKe gene expression followed a kinetic similar to the one seen for
protein induction, with up-regulation occurring between 6 and 12h p.i.

We then asked whether RSV-induced IKKe was catalytically active and could
phosphorylate IRF-3. For this purpose, we performed kinase assays using IKKe
immunoprecipitated from A549 cell uninfected or infected with RSV for various lengths
of time and an IRF-3 peptide corresponding to amino acids 380—406, which contains the
major viral-inducible phosphorylation sites (84), as substrate. As shown in Figure 3.1C,
IKKe catalytic activity was significantly increased, following viral infection, starting at
6h p.i., with maximal activity at 12h. This pattern is similar to the kinetics of RSV-
induced IRF-3 nuclear translocation and DNA binding, as well as to the kinetics of RSV-

induced RANTES gene expression (29). Viral-induced IRF-3 activation occurs through
44



phosphorylation of specific C-terminal serine residues, located between amino acids 386

and 405 (84), of which Ser396 has been shown to be necessary for viral-induced IRF-3
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activation (87).

FIGURE 3.1 RSV INFECTION
INDUCES IKKe ACTIVATION IN
A549 CELLS A) IKKe protein levels.
Total cell lysates, prepared from
A549 cells uninfected or infected
with RSV for 6, 12 and 24 h, were
resolved on 10% SDS-PAGE and
Western blot was performed using
an anti-IKKe antibody. Membrane
was stripped and reprobed for [-
actin. B) IKKe mRNA. A549 cells
were infected with RSV for various
lengths of time (hours). Total RNA
was extracted from control and
infected cells and used to amplify
IKKe by Q-RT-PCR. C) IKKe
kinase activity. Total cell lysates
were prepared from uninfected
(Ctrl) or RSV-infected cells for 3, 6,
12 and 24h. IKKe was
immunoprecipitated with a specific
antibody for in vitro kinase assay.
Amount of 32P-phosphate
incorporated into the IRF-3
substrate ~ was  quantified by
exposure to Phospholmager cassette
and analyzed with Molecular
Dynamics Storm imaging system
software. Relative radioactivity is
expressed in arbitrary units after
subtraction of the background
radioactivity present in the buffer

alone sample. Data are representative of one of two independent experiments. D) Kinetics
of IRF-3 phosphorylation. A549 cells were infected with RSV for various lengths of time
and harvested to prepare cytoplasmic (Cyto) and nuclear extracts (NE). Equal amounts of
protein from uninfected and infected cells were analyzed by Western immunoblot probed
with anti Ser396 phospho-IRF-3 antibody. Membrane was stripped and reprobed for -
actin (cytoplasmic extracts) and lamin b (nuclear extracts).
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To determine whether IRF-3 was phosphorylated following RSV infection,
cytoplasmic and nuclear extracts were prepared from A549 cells uninfected or infected
for various length of time and used for Western blot analysis of Ser396 phosphorylated
IRF-3. As shown in Figure 3.1D, RSV infection induced IRF-3 phosphorylation both in
the cytoplasmic and nuclear compartment, starting at 6h p.i. and peaking at 24h p.i. The
kinetics of phospho-Ser396 IRF-3 formation is similar to RSV-induced IKKg activation,
suggesting that indeed IKKe could play an important role in IRF-3 activation following
RSV infection.

IKK¢ regulates RSV-induced RANTES promoter activation through the ISRE site.

Since IRF-3 activation plays a fundamental role in RSV-induced chemokine gene
expression (45), we investigated the effect of overexpressing catalytically inactive IKKe
(mutated on the lysine residue 38 of the catalytic domain by substitution with alanine and
defined as K38A) (89) on RSV-induced RANTES gene transcription. 293 cells were
cotransfected with a construct containing the minimal RSV-inducible RANTES
promoter-luciferase reporter gene, PGL2-220, and a pcDNA3-based expression plasmid
containing FLAG-tagged IKKe K38A (45). Expression of the dominant negative mutant
IKK¢ significantly reduced, in a dose-dependent manner, RSV-induced luciferase activity
of the RANTES promoter construct, indicating a role of this kinase in viral-induced
RANTES gene transcription (Figure 3.2A).

RANTES promoter activation, following RSV infection, is controlled by multiple
regulatory elements (45). Both an intact NF-«xB site and ISRE, the IRF binding site, are
important for RSV-stimulated RANTES gene transcription, with the ISRE site being
absolutely necessary (45). To determine whether IKKze activation was sufficient to induce
RANTES transcription and whether this occurred through the ISRE site, 293 cells were

transiently transfected with a plasmid expressing wild type IKKe and RANTES promoter
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plasmids either wild type or containing site-mutations of the ISRE or the NF-«kB binding
sites. As shown in Figure 3.2B, overexpression of IKKe caused a significant (~6-fold)
activation of the RANTES promoter, which was abolished by mutation of the ISRE site.
On the contrary, the RANTES NF-kB site mutation significantly reduced basal promoter
activity, yet showed a 20-fold induction by IKKe expression (45). Together these data

indicate that IKKe is a potent activator of the ISRE.
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FIGURE 3.2 EFFECT OF OVEREXPRESSING CATALYTICALLY-INACTIVE OR WILD
TYPE IKKg ON RANTES TRANSCRIPTION A) 293 cells were transfected with the PGL2-
220 RANTES promoter and the pcDNA3-IKKe K38A plasmid or the empty vector at
different indicated concentrations, and infected with RSV. Cells were harvested 24 h
post-infection to measure luciferase activity. Uninfected plates served as controls. For
each plate luciferase was normalized to the B-galactosidase reporter activity. Data are
expressed as mean + standard deviation of normalized luciferase activity. B) 293 cells
were transfected with the PGL2-220 RANTES promoter wild type (WT) or mutated in
the ISRE (AISRE) or NF-kB (ANF-xB) site and the pcDNA3-IKKe wild type (WT) or
the empty vector (EV). Cells were harvested 48 h later to measure luciferase activity. C)
293 cells were transiently transfected with multimers of the RANTES ISRE site and
either the pcDNA3-IKKe K38A plasmid or a kinase-inactive (DN) IKK[p expression
plasmid and infected with RSV. Cells were harvested 12 h post-infection to measure
luciferase activity. Uninfected plates served as controls. For each plate luciferase was
normalized to the B-galactosidase reporter activity. Data are expressed as mean =+
standard deviation of normalized luciferase activity.
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To further confirm that expression of the catalytically inactive IKKe affected
RSV-induced RANTES promoter activation through the ISRE site, 293 cells were
transiently transfected with a construct containing multiple copies of the isolated
RANTES ISRE site linked to the luciferase reporter gene (12), and the IKKe K38A
plasmid. Expression of IKKe K38A caused a significant inhibition, between 70 and 80%,
of IRF-driven transcription (Figure 3.2C). This effect was specific to IKKe since
expression of catalytically inactive (DN) IKKB only modestly reduced RSV-induced
ISRE activation (Figure 3.2C).

IKKe¢ regulates RSV-induced RANTES gene expression and IRF-3 phosphorylation

To further investigate the role of IKKze in transcription factor activation and gene
expression following RSV infection, we established 293 stable cell lines expressing
K38A FLAG-tagged IKKe, under the control of a tetracycline-regulated promoter. As a
control cell line, we used a clone containing the empty vector (EV) only. To induce IKKg
expression, doxycycline (Dox) was added to the culture medium and IKKe protein level
was monitored at different time points thereafter by Western blot using an anti-FLAG
antibody. As shown in Figure 3.3, there was a time-dependent expression of IKKe, which
was maximal at 48h following Dox treatment. To confirm the role of IKKe in RSV-
induced RANTES gene expression we measured RANTES protein and mRNA induction
following RSV infection of the K38A-expressing 293 cell line. Cells were treated with
Dox for 48h, infected with RSV for 24h and harvested to measure RANTES protein by
ELISA and RANTES mRNA by Northern blot (29). Expression of kinase-inactive IKKe
significantly blocked viral-induced RANTES secretion (Figure 3.4A), as well as mRNA
induction (Figure 3.4B), indicating a fundamental role of IKKe in the expression of this

viral-induced chemokine.
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FIGURE 3.3 KINETICS OF CATALYTICALLY INACTIVE IKKe EXPRESSION IN 293
STABLE CELL LINE 293 stable cell lines IKKe K38A were treated with Dox for 12, 24
and 48h and harvested to prepare total cell lysates. Equal amounts of protein from
uninfected and infected cells were assayed by Western blot for FLAG-IKKe expression.
Membrane was stripped and reprobed for B-actin to control the equal loading of the
samples.
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FIGURE 3.4 EXPRESSION OF CATALYTICALLY INACTIVE IKKe BLOCKS VIRAL-
INDUCED RANTES EXPRESSION AND IRF-3 PHOSPHORYLATION. A) RANTES protein
secretion. 293 control cell line (EV) and IKKe K38A cell line (DN) were treated with
tetracycline for 48 h and then infected with RSV. Culture supernatants, from uninfected
(Ctrl) and infected (RSV) cells, were assayed 24 h later for RANTES production by
ELISA. Data are expressed as mean # standard deviation of triplicate samples. B)
RANTES mRNA induction. Total RNA was extracted from control (C) and 24h infected
(V) cells. Twenty micrograms of RNA were fractionated on a 1.2% agarose-
formaldehyde gel, transferred to nylon membrane and hybridized to a radiolabeled
RANTES c¢cDNA probe. Membrane was stripped and hybridized with a radiolabeled (-
actin probe, to show equal loading of the samples. C) IRF-3 phosphorylation. Control and
IKKe K38A 293 cell lines were infected with RSV for 6, 12 and 24h and harvested to
prepare nuclear extracts. Equal amounts of protein from uninfected and infected cells
were fractionated on a 10% SDS-PAGE, transferred to PVDF membrane and probed with
anti Ser396 phospho-IRF-3 antibody. Membrane was stripped and reprobed for lamin b
to control the equal loading of the samples.
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Furthermore, to determine whether inhibition of IKKe activation would block
RSV-induced IRF-3 activation, we measured phospho Ser396 IRF-3 formation in 293
cells expressing IKKe K38A. Nuclear extracts were prepared from control (EV) or IKKe
K38A (DN) expressing 293 cells infected with RSV for various lengths of time and used
for Western blot analysis of phospho Ser396 IRF-3. As shown in Figure 3.4C, expression
of catalytic-inactive IKKe significantly blocked viral-induced IRF-3 phosphorylation,
indicating that IKKe plays a fundamental role in RSV-induced IRF activation.

ROS regulate viral-induced IRF-3 activation

We have previously shown that RSV infected airway epithelial cells generate
ROS and that antioxidant treatment with butylated hydroxyanisole (BHA), as well as a
panel of chemically unrelated antioxidants, blocks RSV-induced signal transduction
cascade leading to chemokine expression in vitro, through inhibition of transcription
factors belonging to IRF and Signal Transducers and Activators of Transcription (STAT)
families (29) and (83). BHA treatment blocks RSV-induced IRF-1 and -7 gene
expression and inhibits IRF-3 nuclear translocation and DNA binding to the RANTES
Interferon Stimulated Responsive Element (ISRE), an event that is absolutely required for
RSV-stimulated RANTES gene transcription. To determine whether antioxidant
treatment inhibits RSV-induced IRF-3 activation, we examined RSV-induced IRF-3
serine phosphorylation in A549 cells treated with 400uM BHA. A549 cells were infected
with RSV in the presence or absence of BHA and harvested at 12 and 24h p.i. to extract
nuclear proteins for Western blot analysis of phosphor Ser396 IRF-3. As shown in Figure
3.5A, antioxidant treatment completely blocked RSV-induced IRF-3 phosphorylation,

indicating that it is redox-dependent.
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Since IKKe plays a major role in RSV-induced IRF-3 activation, we examined
IKKe gene expression and protein synthesis in A549 cells infected with RSV in the
presence or absence of the antioxidant. As shown in Figure3.5B, RSV-induced IKKg
gene expression was significantly inhibited by antioxidant treatment. Similar results were
obtained when we examined IKKe protein synthesis, which was strongly induced by RSV
infection and abolished by antioxidant treatment (Figure3.5C).

An important source of inducible intracellular ROS, generated in response to a
variety of stimuli, is the membrane-bound NAD(P)H oxidase system (62). We have
previously shown that treatment of A549 cells with DPI, a known NAD(P)H oxidase
inhibitor, significantly blocked RSV-induced STAT activation (83). To test if RSV-
induced IRF-3 activation was mediated through ROS production by this enzyme
complex, A549 cells were treated with various NAD(P)H oxidase inhibitors, including
DPI, apocyanin and AEBSF (94), and infected with RSV for 24h. We then assessed
RSV-induced RANTES production and IRF-3 phosphorylation. As shown in Figure
3.6A, all three inhibitors significantly reduced RANTES secretion, as well as IRF-3
phosphorylation (Figure 3.6B). DPI almost completely abolished RSV-induced IKKg
gene expression (Figure 3.6C), with a limited effect on viral replication (Figure 3.6D),
indicating that the NAD(P)H oxidase system is important for the generation of ROS and

subsequent activation of IRF-3 following RSV infection.
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FIGURE 3.5 EFFECT OF ANTIOXIDANT TREATMENT ON RSV-INDUCED IRF-3 AND
IKKe ACTIVATION. A) IRF-3 phosphorylation. Nuclear extracts were prepared from
A549 cells control and infected with RSV for 12 and 24h, in the absence or presence of
400uM BHA, and assayed for Ser396 phosphorylation by Western blot. Membrane was
stripped and reprobed for lamin b to control the equal loading of the samples. B) IKKe
mRNA. A549 cells were infected with RSV for 24h, in the absence or presence of 400uM
BHA. Total RNA was extracted from control and infected cells and used to amplify IKKe
by Q-RT-PCR. C) IKKe protein levels. Total cell lysates, prepared from A549 cells
control and infected with RSV for 24h, in the absence or presence of 400uM BHA, were
resolved on 10% SDS-PAGE and Western blot was performed using an anti-IKKe
antibody. Membrane was stripped and reprobed for B-actin.
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DISCUSSION

The innate immune response represents a critical component of the host defense
against viruses and is coordinated at the cellular level by activation of transcription
factors that regulate the expression of inducible gene products with antiviral and/or
inflammatory activity. RSV is the most common cause of epidemic respiratory infections
in infants and young children and represents the prototype of mucosal-restricted viral
pathogens with epithelial cell tropism and profound proinflammatory activity. RSV
replication in airway epithelial cells results in the activation of multiple cellular signaling
pathways involved in the expression of early response genes, which is coordinated by a

small subset of transcription factors including NF-xB and IRF proteins (11,23,45,95).
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FIGURE 3.6 EFFECT OF NAD(P)H INHIBITION ON RSV-INDUCED IRF-3 AND IKKe
ACTIVATION A) RANTES secretion. A549 cells were infected with RSV for 24h, in the
absence or presence of either 10uM DPI, 500uM AEBSF or 500uM apocyanin (Apo).
Culture supernatants were assayed 24h later for RANTES production by ELISA. Data are
expressed as mean + standard deviation of triplicate samples. B) IRF-3 phosphorylation.
Nuclear extracts were prepared from A549 cells control and infected with RSV for 24h,
in the absence or presence of either 10uM DPI, 500uM AEBSF or 500uM apocyanin
(Apo) and assayed for Ser396 phosphorylation by Western blot. Membrane was stripped
and reprobed for total IRF-3 and for lamin b to control the equal loading of the samples.
Inh: inhibitor. C) IKKe mRNA. A549 cells were infected with RSV for 24h, in the
absence or presence of 10uM DPI. Total RNA was extracted from control and infected
cells and used to amplify IKKe by Q-RT-PCR. D) Viral replication. A549 cells were
infected with RSV, in the absence or presence of 10uM DPI. Cell culture supernatants
were harvested at 24h post-infection and viral load was determined by plaque assay.

Most of the signaling pathways leading to RSV-induced gene expression are still
unknown. Free radicals and ROS have recently been shown to function as second
messengers influencing a variety of molecular and biochemical processes, including
expression of a number of genes (31). In earlier studies, we have shown that ROS play a
major role in RSV-induced de novo IRF-1 and -7 genes expression and protein synthesis,

by regulating STAT-1 and -3 activation (29,31). We have also shown that inhibition of
53



ROS production, by antioxidant treatment, blocks IRF-3 nuclear translocation and DNA
binding to the RANTES ISRE site (29). However, the intracellular signaling events
leading to RSV-induced IRF-3 activation and the mechanism of inhibition of IRF-3
induction by antioxidant treatment were not investigated. In this study, we show that
RSV infection of airway epithelial cells induces activation of IKKe, a noncanonical IKK-
like molecule, recently identified as an essential component of the virus activated kinase
(VAK) complex responsible for IRF-3 activation. Expression of catalytically inactive
IKKe significantly inhibits RSV-induced RANTES expression, by blocking RANTES
promoter activation and ISRE-driven transcription, through the inhibition of IRF-3
phosphorylation, indicating a fundamental role of this kinase in the pathway leading to
RSV-induced IRF-3 activation. We also show that RSV-induced ROS formation,
occurring likely through the NAD(P)H oxidase system, is involved in RSV-induced IKKg
activation, as indicated by the inhibition of IKKe expression and IRF-3 phosphorylation

by antioxidant treatment, as suggested in the schematic model of Figure 3.7.

FIGURE 3.7 SCHEMATIC
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While TBK1 is constitutively and ubiquitously expressed, expression of IKKe can
be induced, in a cell type-dependent manner (92). Splenocytes and thymocytes show
constitutive expression of IKKe, while IKKe mRNA can be upregulated in macrophages
and cells isolated from the synovia following cytokines, LPS or PMA stimulation (92)
and (98). Here, we show that IKKe expression is inducible in airway epithelial cells
infected with RSV. The only another report of IKKe induction following a viral infection,
is in mouse embryonic fibroblasts infected with Vesicular Stomatitis Virus (VSV) (99).
The mechanism(s) regulating IKKe gene expression is not known, however cytokines,
LPS, PMA and viruses are all potent activators of NF-kB, therefore it is likely that this
master transcriptional regulator plays an important role in IKKe induction. In support of
this hypothesis is the lack of IKKe gene expression in LPS-stimulated MEFs which are
deficient in the expression of IKKp, the kinase that controls NF-kB activation following a
variety of different stimuli, including viral infections (100-102).

In our study, the kinetics of IKKe kinase activity correlates with its expression. It
has been previously shown that recombinant IKKe is phosphorylated during its
expression and that this phosphorylation is necessary for kinase activity (92,103). Once
the kinase is present, its enzymatic activity cannot be further stimulated by agonist
treatment, suggesting that IKKe activity is likely regulated at the level of mRNA
induction and not at the level of phosphorylation by stimuli-activated kinases (92,103).

Phosphorylation is a fundamental mechanism of IRF protein activation, necessary
for nuclear translocation, dimerization, binding to DNA and activation of transcription
(104). Upon viral infection, both IRF-3 and IRF-7 are phosphorylated within the C
terminus of the protein (105). Although recent studies indicated that IRF-3 may also be a
phosphorylation target following stimulation of cellular stress pathways or the

engagement of TLR receptors like TRL3 and 4 (106), only Sendai Virus, Measles Virus,
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Newcastle Disease Virus, VSV and RSV have been clearly shown to induce C-terminal
phosphorylation of IRF-3 (29,104,107). Among the major viral-inducible
phosphoacceptor sites present in the C-terminal portion of IRF-3, Ser396 has been shown
to be the minimal phosphoacceptor site involved in IRF-3 activation following infection
with Sendai virus and double-stranded RNA treatment (87). Using a novel
phosphospecific antibody (87), we show that RSV infection induces Ser396
phosphorylation, which is completely abolished by the expression of catalytically
inactive IKKe, indicating a fundamental role of this kinase in RSV-induced IRF-3
activation. The evidence that IKKe, following RSV infection, is able to phosphorylate a
C-terminal IRF-3 peptide, containing the major viral-inducible phosphoacceptor sites,
with a kinetics very similar to the kinetics of RSV-induced IRF-3 activation (29) strongly
suggests that IKKe is a component of the virus-activated kinase complex required for
IRF-3 phosphorylation following RSV infection. Since TBK1 has also been shown to
play an important role in viral-induced IRF-3 activation, we are currently investigating
the contribution of this kinase in IRF-3 activation following RSV infection.

In this study, we show that ROS formation plays a major role in the signaling
pathway leading to viral-induced IRF-3 activation. Antioxidant treatment blocks IKKe
expression and subsequent IRF-3 phosphorylation, following RSV infection, identifying
this pathway as redox-sensitive. This is a novel observation, since it is the first time that
viral-induced ROS production are shown to be involved in IKKe activation and
subsequent IRF-3 phosphorylation. NF-kB could be the redox-sensitive target involved in
IKKe gene transcription, since ROS have been shown to play an important role in NF-kB
activation following various stimuli (108-109). Intracellular ROS can be generated by
different systems, including the NAD(P)H oxidase system, the mitochondrial electron

transport chain and enzymes like xanthine oxidase and cyclooxygenase. ROS play an

56



important role in the regulation of intracellular signaling cascades in various cell types
including fibroblasts, endothelial cells, myocytes, smooth muscle cells, etc. (76). In our
study, treatment of RSV-infected alveolar epithelial cells with a panel of inhibitors of the
NAD(P)H complex significantly reduced RANTES production and IRF-3 activation. DPI
also almost completely abolishes viral-induced IKKe gene expression. These data suggest
that NAD(P)H oxidase is an important system for the generation of ROS and subsequent
activation of IRF-3, following RSV infection. Since inhibitors may not be completely
specific for NAD(P)H oxidase, current studies are in progress to better define the role of
this complex in RSV-induced ROS formation and IRF-3 activation. However, the recent
finding that Racl, a small GTPase part of the NAD(P)H complex , is necessary for
influenza virus-induced activation of IRF-3 and IRF-3-dependent genes (110), supports
the role of NAD(P)H-generated ROS as fundamental mediators of the viral-induced
signaling pathway leading to IRF-3 activation.

In summary, RSV-induced chemokine gene expression is controlled by numerous
ROS-sensitive signaling molecules. This study indicates that viral-induced ROS
formation, occurring likely through the NAD(P)H oxidase-generated system, is necessary
for IRF-3 phosphorylation, through modulation of IKKeg activation, and identifies a novel
molecular target for the development of strategies aimed to modulate the inflammatory

response associated with RSV infection of the lung.

57



CHAPTER 4: ANTIOXIDANT TREATMENT AMELIORATES
RESPIRATORY SYNCYTIAL VIRUS-INDUCED DISEASE AND
LUNG INFLAMMATION*

ABSTRACT

Respiratory syncytial virus (RSV) is a major cause of lower respiratory tract
infection in children. No treatment has been shown to significantly improve the clinical
outcome of patients with this infection. Recent evidence suggests that oxidative stress
could play an important role in the pathogenesis of acute and chronic lung inflammatory
diseases. It is not known whether RSV induces pulmonary oxidative stress and whether
antioxidant treatment can modulate RSV-induced lung disease. Therefore, we tested the
hypothesis that antioxidant administration could attenuate RSV-induced lung
inflammation, clinical disease, and airway hyperreactivity (AHR). The BALB/c mouse
model was infected with 107 plaque-forming units of RSV, in the presence or absence of
orally administered butylated hydroxyanisole (BHA), an antioxidant. Malondialdehyde
and 4-hydroxynonenal were measured in bronchoalveolar lavage (BAL) by colorimetric
assay. Cytokines and chemokines were measured in BAL by Bio-Plex and leukotrienes
were measured by enzyme-linked immunosorbent assay. AHR to methacholine challenge
was measured by whole-body plethysmography. Our findings indicate that BHA
treatment significantly attenuated RSV-induced lung oxidative stress, as indicated by the
decrease of malondialdehyde and 4-hydroxynonenal content in BAL of RSV-infected
mice. RSV-induced clinical illness and body weight loss were also reduced by BHA

treatment, which inhibited neutrophil recruitment to the lung and significantly reduced

* “Reprinted from American Journal of Respiratory and Critical Care Medicine, Vol. 174, Pages No. 1361-
1369 Guerrero-Plata A., Suarez-Real G., Adegboyega P. A., Colasurdo G. N., Khan A. M., Garofalo R. P.,
and Casola A., Antioxidant Treatment Ameliorates Respiratory Syncytial Virus—induced Disease and Lung
Inflammation , Copyright (2006), with permission from the American Thoracic Society”
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pulmonary cytokine and chemokine production after RSV infection. Similarly,
antioxidant treatment attenuated RSV-induced AHR. Therefore, modulation of oxidative
stress represents a potential novel pharmacologic approach to ameliorate RSV-induced
acute lung inflammation and potentially prevent long-term consequences associated with

RSV infection, such as bronchial asthma.

INTRODUCTION

Respiratory syncytial virus (RSV) is a major cause of respiratory tract infection in
children worldwide and is the leading cause of virally induced bronchiolitis (80). Each
year, approximately 100,000 children are hospitalized with RSV disease, with an
estimated annual cost close to $300 million in the United States alone (2,111). There is
no safe and efficacious vaccine for RSV, and immunity is incomplete, resulting in repeat
attacks of acute illness throughout adulthood. The long-term consequences of RSV
infection, which include increased airway resistance and recurrent wheezing (80), are
associated risk factors for the development of asthma (7). Although the mechanisms of
RSV-induced airway disease and the associated long-term consequences have yet to be
clearly defined, the local inflammatory response is believed to play a fundamental role.
Airway epithelial cells are the target of RSV infection, and they respond to the infection
by producing a variety of mediators involved in lung immune/inflammatory responses,
like cytokines, chemokines, and interferons, and by up-regulating adhesion molecules
and major histocompatibility complex antigens on the cell surface (44).

Reactive oxygen species (ROS) are highly reactive molecules implicated in cellular
damage. In the past few years, there has been increased recognition of their role as redox
regulators of cellular signaling (31) and (46). We have previously shown that RSV-
infected airway epithelial cells generate ROS and that antioxidant treatment with

butylated hydroxyanisole (BHA), as well as a panel of chemically unrelated antioxidants,
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blocks RSV-induced signal transduction cascades, leading to chemokine expression in
vitro through inhibition of transcription factors belonging to interferon regulatory factor
(IRF) and signal transducers and activators of transcription (STAT) families (29,83).
Recent studies have indicated, directly or indirectly, an important role of ROS produced
by epithelial and inflammatory cells in the pathogenesis of acute and chronic lung
inflammatory diseases, such as acute respiratory distress, asthma, and chronic obstructive
pulmonary disease (33,112-113). Surprisingly, little is known regarding the oxidative
stress response in patients with virally induced lung inflammation. In an animal model of
influenza infection, inhibition of oxygen radicals through administration of antioxidants
or increased lung superoxide dismutase levels significantly reduced lung injury and
improved the survival rate of infected animals, suggesting that oxidative stress can play a
significant role in the pathogenesis of virally induced pneumonia (114-118). We have
previously shown that RSV induces reactive nitrogen species and nitric oxide synthase
(NOS) in the lungs of infected mice, and that inhibition of NOS expression significantly
reduces RSV-induced lung inflammation (119). However, it is not known whether RSV
infection induces significant lung oxidative stress damage and whether inhibiting ROS
production by antioxidants modifies RSV-induced lung disease. Therefore, the aim of
this study was to investigate the effect of antioxidant administration on RSV-induced

lung inflammation, clinical disease, and airway hyperreactivity (AHR).
MATERIALS AND METHODS

RSV Preparation

The RSV A2 strain was grown in Hep-2 cells and purified by centrifugation on
discontinuous sucrose gradients as described elsewhere (47). The virus titer of the
purified RSV pools was 8 to 9 logjo plaque-forming units (PFU) per milliliter using a

methylcellulose plaque assay. No contaminating cytokines were found in these sucrose-
60



purified viral preparations (48). LPS, assayed using the limulus hemocyanin agglutination
assay, was not detected. Virus pools were aliquoted, quick-frozen on dry ice/alcohol, and
stored at —70°C until used. Sucrose-purified extracts from uninfected Hep-2 cells were
also generated under the same conditions.
Inoculation Procedure and Mice

Female BALB/c mice were purchased from Harlan and were housed in pathogen-
free conditions, in accordance with the National Institutes of Health and UTMB
institutional guidelines for animal care. Under light anesthesia, mice were inoculated
intranasally with either sucrose-purified Hep-2 extracts (sham-infected) or sucrose-
purified RSV at 1 x 10’ PFU, diluted in sterile phosphate-buffered saline (PBS) for a total
inoculation volume of 50ul, as previously described (28). BHA was prepared by
dissolving the right amount of compound in a 100ul volume of corn oil, which was
administered by gavage, once a day, without anesthesia. A total of four experimental
groups consisting of two treatment groups, vehicle (corn oil) and BHA, for each infection
group, sham and RSV, were used for all experiments. There was no effect of the vehicle
alone; therefore, the groups sham + vehicle and RSV + vehicle are usually identified in
the figures as sham and RSV. In AHR experiments, mice were infected with RSV at 1 x
10° PFU.
Clinical Illness

We used a well-established clinical illness grading scale for mice to establish the
severity of infection (0 = healthy; 1 = barely ruffled fur; 2 = ruffled fur but active; 3 =
ruffled fur and inactive; 4 = ruffled fur, inactive, and hunched; 5 = dead) (28). In
addition, daily determination of body weight was used to monitor the progression of

disease over the experimental period. These parameters have been shown to closely
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correlate with lung pathology in experimental paramyxovirus infection of BALB/c mice
(120). Visual differences were observed and captured by digital photography.
AHR

The effect of BHA on RSV-induced AHR was measured in mice using a whole-
body plethysmograph (Buxco) as previously described (119;121). Measurement of
airway responses was performed on individual, unrestrained, and nonanesthetized mice
within a two-chamber plethysmograph. AHR was expressed as an enhanced pause
(Penh). Penh, a dimensionless parameter used to measure pulmonary resistance, is
calculated by changes in chamber pressure induced by methacholine challenge during
inspiration and expiration. After a brief acclimatization to the chamber, the mice received
an initial baseline challenge of saline followed by increasing doses of nebulized
methacholine (3, 6, 12, 24, and 50 mg/ml). Recordings were taken for 3 min after each
nebulization. The respiratory rate in breaths per minute was extrapolated from readings of
every 10 breaths. The box pressure waveforms generated from the respiratory cycle were
used to calculate peak expiratory pressure (PEP), peak inspiratory pressure (PIP), and the
time of expiration. Penh was then calculated using the following formula: Penh = Pause x
PEP/PIP. Penh values were averaged and reported as a percentage of baseline saline
values.
Pulmonary Inflammation

Bronchoalveolar lavage (BAL) was obtained from the lungs of mice at various
time points postinfection. In brief, anesthetized and tracheotomized mice were cannulated
with a 1 ml syringe, and the lungs flushed three times with 1 ml of sterile, cold PBS.
Total cellular influx and differential cell counts were measured in the BAL of all
experimental groups. Total cell counts were determined by staining 50 pl of BAL with

trypan blue and counting viable cells using a hemocytometer. For differentials, 100 pl of
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BAL was used to generate cytospin preparations. Slides were dried, fixed, and stained
with Protocol Hema3 (Fisher Diagnostics). A total of 300 cells were counted per sample
using light microscopy.
Lung Pathology

Selected mice in each group were killed at various time points, and the entire lung
was perfused, removed, and fixed in 10% buffered formalin and embedded in paraffin.
Multiple 4 um longitudinal cross-sections were stained with hematoxylin and eosin. The
slides were analyzed and scored for cellular inflammation under light microscopy by a
board-certified pathologist, as previously described (28). The pathology score reported
includes the number of abnormal perivascular and peribronchial regions divided by the
total number of perivascular and peribronchial regions and are reported as the percentage
of inflamed tissue.
Effect of Antioxidants on Viral Replication

Lungs were excised on Days 3, 5, and 7 postinfection, snap-frozen in liquid
nitrogen, and stored at —70°C. Viral titers were determined by plaque assay using
confluent Hep-2 cells grown in 24 well plates, as previously described (122).
Lipid Peroxidation in BAL

BAL was centrifuged at 15,000 rpm for 1 min at 4°C. BHT was added to the
supernatant to prevent further oxidation, and the samples were immediately frozen in
liquid nitrogen. Measurement of lipid peroxidation markers malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE) was carried out using a lipid peroxidation kit from
Calbiochem. To detect MDA and 4-HNE, 200 ul of BAL was added to 650 ul of a 3:1
solution of N-methyl-2-phenylindole in acetonitrile:ferric ions in methanol and quickly
vortexed. A total of 150 ul of methanesulfonic acid were added and incubated at 45°C for

1 h. The samples were cooled and measured at 586 nm using a spectrophometer.

63



Measurements of 8-isoprostane were performed using a competitive enzyme
immunoassay from Cayman Chemical, according to the manufacturer's instructions.
Chemokine and Cytokine Protein Profile

To assess the production of chemokines and cytokines, BAL was obtained at 12,
24, 48, and 72 h postinfection. Samples were tested for multiple cytokines using the Bio-
Plex Cytokine Mouse 18-Plex panel (Bio-Rad Laboratories), according to the
manufacturer's instructions, as previously described (123). The panel includes the
following cytokines: interleukin (IL)-1s, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12
(p40), IL-12 (p70), IL-17, granulocyte colony—stimulating factor, granulocyte-
macrophage colony—stimulating factor, IFN-y, KC, MIP-1a,, MCP-1, RANTES, and
tumor necrosis factor (TNF)-a.. The broad assay range was from 0.2 to 5,000 pg/ml.
Cysteinyl Leukotriene Determination

BAL was used to measure leukotriene C4 (LTC,) by a competitive ACE enzyme
immunoassay (Cayman Chemical). The sensitivity of the assay was 7.8 pg/ml. The
specificity of the assay for traditionally classified cysteinyl leukotrienes (cys-LTs) LTCy4
and LTCs was 100%. The cross-reactivities of the assay with LTC4 metabolites are 48%
with LTDs, 46% with LTDy,, 28% with LTE4, 7% with LTEs, and 2% with LTE,.
Statistical Analysis

Statistical analysis was performed with the biostatistics software program
GraphPad Prism (GraphPad Software, Inc.). Comparisons between all experimental
groups were done using a one way-analysis of variance (ANOVA) with Dunnett’s
multiple comparison test, to analyze body weight loss. Comparisons between two groups
were done using an unpaired, two-tailed, student’s t-test. Data are presented as mean +
SD unless otherwise stated. A p value <0.05 was considered significant and indicated by

the symbol * in comparing RSV versus RSV + BHA.
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RESULTS

RSV infection induces oxidative stress in the lung. Lipid peroxidation products,
such as MDA, 4-HNE, and isoprostanes, are useful markers of pulmonary oxidative
stress and by themselves have been shown to mimic all the pathophysiological features of
asthma (bronchoconstriction, AHR, mucus hypersecretion, enhanced arachidonic acid
cascade, increased synthesis of chemoattractants, epithelial damage, and microvascular
leakage (124). To determine whether RSV infection induced oxidative damage of the
lung, MDA and 4-HNE were measured in the BAL of RSV-infected mice at different
times postinfection. As shown in Figure 4.1, RSV infection was associated with a
significant increase of MDA and 4-HNE levels in BAL samples at all time points tested,
when compared with sham mice, indicating that lung oxidative stress damage indeed
occurs in RSV infection. MDA and 4-HNE values from the sham group did not change

over time (data not shown).

FIGURE 4.1 LIPID PEROXIDATION
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BHA Attenuates RSV-induced Clinical lllness

To determine whether antioxidant administration was capable of altering RSV-
induced disease, we initially assessed the effect of three different BHA treatment
protocols on body weight loss. In protocol 1, animals were pretreated with various doses
of BHA, ranging from 50 to 250 mg/kg, 3 d before and during the first 5 d of infection.
As shown in Figure 4.2, mice inoculated with RSV alone progressively lost weight
during the first 3 d of infection, with a peak of 15 to 20% loss at Day 3 postinfection. The
250 mg/kg dose of BHA consistently attenuated RSV-induced body weight loss, as the
mice experienced a weight loss of 6% and regained their original body weight earlier. A
statistically significant difference in body weight loss was also observed with the 150
mg/kg dose, whereas the 100 mg/kg had some effect only at Day 3 postinfection, which
represents the peak of body weight loss. We then determined whether the 250 mg/kg dose
was still effective if treatment was started the same day of RSV infection (protocol 2) or
at 1 d postinfection (protocol 3). Protocol 3, or post-treatment with BHA, failed to
attenuate RSV-induced body weight loss and was not further investigated (data not
shown). There was no statistically significant difference in body weight loss between
protocols 1 and 2 (data not shown); therefore, all subsequent experiments were performed
using the dose of BHA 250 mg/kg given during the first 5 d of RSV infection.

A positive effect of antioxidant treatment was also observed on other clinical
parameters of RSV infection that constitute the viral-induced illness score (see
METHODS for details). Typically, the peak of illness severity coincides with the peak of
RSV-induced body weight loss and occurs between Day 3 and 4 of infection (35). We
observed a significant difference in appearance of BHA-treated versus untreated RSV-

infected mice (Figure 4.3A), as well as in the total illness score, starting at Day 3
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postinfection (Figure 4.3B), indicating that antioxidant treatment is effective in

modulating RSV-induced clinical disease.

B T T T T T T | I
-3 -2 -1 0] 1 2 23 4 5 8 7
Pretreatment Post-Infection

FIGURE 4.2 EFFECT OF BUTYLATED HYDROXYANISOLE (BHA) ADMINISTRATION
ON RSV-INDUCED WEIGHT LOSS. Mice were treated with increasing concentrations of
BHA for 3 d before RSV infection and during the first 7 d of infection. The following is a
representative diagram of three different experiments. All data points represent the mean
of at least four animals. Open circles, sham; cross marks, RSV; triangles, RSV + BHA
50 mg/kg; inverted triangles, RSV + BHA 100 mg/kg; solid squares, RSV + BHA 150
mg/kg; solid circles, RSV + BHA 250 mg/kg. *p<0.05 relative to sham-infected mice;
*#p<0.01 relative to sham-infected mice.
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FIGURE 4.3 EFFECT OF BHA ON
CLINICAL ILLNESS AND AIRWAY
HYPERREACTIVITY (AHR). Mice
were infected with RSV and treated
with  BHA 250 mg/kg for the
following 7 d. A) Differences in the
appearance of fur in RSV + BHA-
versus RSV + vehicle—treated mice at
Day 3 postinfection. B) Clinical
illness scores of RSV + BHA (open
squares) and RSV + vehicle (solid
squares) were measured from Day 1
to Day 5 postinfection. Sham-
infected mice treated with either
vehicle or BHA received a healthy
illness score = 0 throughout the
course of the experiment (data not
shown). Data are expressed as mean
+ SD of five different animals and are
representative of three different
experiments. *p<0.01 relative to
RSV-infected mice. C) The effect of
BHA treatment on RSV-induced
AHR during methacholine challenge
was measured at Day 4 postinfection
by whole-body plethysmography. All
treatment groups were given an initial
dose of saline and subsequently
challenged with increasing
concentrations ~ of  methacholine
(mg/ml). Penh is reported as a
percentage increase from baseline
saline challenge. Data are expressed
as mean + SD of eight different
animals. Open squares, sham; RSV,
solid triangles; cross marks, RSV +
BHA. *p<0.01 relative to RSV-
infected mice.



We and others have previously shown that RSV infection induces AHR in
response to methacholine challenge (119,121,125). As shown in Figure 4.3C, we
observed a significant difference between RSV and RSV + BHA treated animals, because
administration of BHA strongly attenuated RSV-induced AHR at all methacholine doses.
BHA treatment did not alter baseline Penh values or airway response to methacholine in
sham-infected animals.

Effect of BHA on RSV-induced Pulmonary Inflammation

To determine whether BHA altered RSV-induced lung inflammation, total and
differential cell counts in the BAL were measured. We observed a significant attenuation
of cellular influx by BHA treatment in RSV-infected mice, starting at Day 1 postinfection
and continuing throughout the infection, with the most significant difference observed at
Day 3 postinfection (Figure 4.4A), which, in our mouse model, corresponds to the peak
of inflammatory cell recruitment in the BAL after RSV infection. Macrophages are the
normal resident cell type found within the airways in uninfected mice. RSV infection
induces a significant lung recruitment of neutrophils, which become the predominant
inflammatory cell observed in the BAL in the first few days of infection (126). As shown
in Figure 4.4B, BHA administration significantly blocked neutrophil recruitment into the
airways, with little difference observed among the different experimental groups in
lymphocyte and eosinophil populations.

To further examine the effect of BHA treatment on RSV-induced inflammation,
lungs of infected mice were analyzed for histopathology. The perivascular and
peribronchial mononuclear cell recruitment in the lung was examined at Days 3, 5, 7, and
9 postinfection. A dramatic decrease in lung inflammation between untreated and BHA-
treated infected mice was observed as early as Day 3 postinfection, bringing the

histopathology score of the treated RSV infected mice to levels similar to that of
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FIGURE4.4 EFFECT OF BHA ON AIRWAY INFLAMMATION AND VIRAL
REPLICATION A) Total number of cells was measured in BAL of sham and RSV-
infected mice, either untreated or treated with BHA, at various times postinfection. Data
are expressed as mean + SD of five different animals and representative of three different
experiments. *p<0.01 relative to RSV-infected mice. B) Differential cell count was
measured in BAL of sham and RSV-infected mice, either untreated or treated with BHA,
at Day 3 postinfection. *p<0.01 relative to RSV-infected mice. C) Mice were infected
with RSV or sham-infected and treated with either vehicle or BHA. At various days
postinfection, mice were killed and lungs were excised, fixed in 10% buffered formalin,
and embedded in paraffin. Lung sections were stained with hemotoxylin and eosin, and
peribronchial, perivascular inflammation was scored. Data are expressed as mean = SD of
four animals/group. Data shown are representative of three independent experiments.
**p<0.01 relative to RSV-infected mice; ***p<0.001 relative to sham-infected mice. D)
Mice were infected with RSV and either treated with vehicle or BHA. At Day 5
postinfection, lungs were excised and viral load was determined by plaque assay. Data
shown are representative of three independent experiments (n = 10, mean + SD). *p<0.05
relative to RSV-infected mice.
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uninfected control animals, with a similar, although less striking, effect at Days 5, 7, and
9 postinfection, as shown in Figure 4.4C.

Because inflammatory cells, especially neutrophils, can play an important role
against viral replication, at the early stage of infection (127), we examined whether BHA
altered RSV replication. In our mouse model of RSV infection, increased viral titer can
be detected as early as Day 3 postinfection, with peak viral titer occurring at Day 5
postinfection, and viral clearance by Day 7 postinfection (35). We found a consistent
increase of approximately a half log in viral titer in BHA-treated animals at Days 4 and 5
postinfection, as shown in Figure 4.4D, where antioxidant administration increased peak
viral load from 4.12 + 0.31 to 4.59 + 0.32 log10. RSV replication was usually no longer
detectable at Day 7 postinfection in both untreated and BHA-treated infected mice,
although occasionally we could recover virus at a very low titer (101) in the treated
animals.

BHA Attenuates RSV-induced Oxidative Stress in the Lung

To determine whether antioxidant treatment affected RSV-induced oxidative
damage of the lung, MDA and 4-HNE, as well as 8-isoprostanes, were measured in the
BAL of RSV-infected mice, with or without BHA treatment. As shown in Figure 5, the
average levels of MDA and 4-HNE were between 2 and 2.5 fold higher in RSV infected
BAL samples in comparison to control mice at all time points of RSV infection. BHA
administration clearly lowered RSV-induced lipid peroxidation to values equivalent to
control at all time points. Similarly, RSV-induced 8-isoprostane production was

significantly reduced at all time points tested.
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FIGURE 4.5 EFFECT OF BHA ON LIPID
PEROXIDATION A) MDA and 4-HNE or
B) 8-isoprostane were detected by either
colorimetric assay or ELISA in BAL of
mice infected with RSV and treated with
either vehicle (solid bars) or BHA (open
bars) at various times postinfection.
Hatched bars, sham-treated mice. The bar
in the scatter plot represents the mean of
five different animals. x, sham; solid
diamonds, RSV; open circles, RSV +
BHA. Data shown are representative of
two independent experiments. *p<0.05;
*4p<0.01; ***p<0.001 relative to RSV-
infected mice.

Effect of BHA on Chemokine and
Cytokine Induction

RSV infection is a potent inducer
of chemokine production, and increased
chemokine release has been shown to play
an important role in RSV-induced lung

inflammation and to correlate with disease

severity (44). In our model, the peak of chemokine production occurs during the first 3 d

of infection (123), after which chemokines are no longer measurable. To determine

whether BHA treatment was able to modulate RSV-induced chemokine secretion, we

analyzed chemokine levels in BAL samples collected during the first 3 d of infection. As

shown in Figure 4.6, RANTES, KC, and MIP-1a were strongly up-regulated in the lungs

of infected animals starting as early as 12 h postinfection. BHA treatment consistently

reduced all three chemokine protein levels, especially at 48 and 72 h postinfection.
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FIGURE 4.6 EFFECT OF BHA ON CHEMOKINE RELEASE IN THE BAL. Chemokine
production was measured by Bio-Plex bead suspension array in the BAL of mice infected
with RSV and treated with either vehicle or BHA at various times postinfection. The bars
in the scatter plot represent the mean of six different animals. Data shown are
representative of three independent experiments. *p<0.01 relative to RSV-infected mice.
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FIGURE 4.7 EFFECT OF BHA ON PROINFLAMMATORY CYTOKINES RELEASE IN BAL
Cytokine production was measured by Bio-Plex bead suspension array in the BAL of
mice infected with RSV and treated with either vehicle or BHA at various times
postinfection. The bars in the scatter plot represent the mean of six different animals.
Data shown are representative of three independent experiments. X, sham; solid

diamonds, RSV; open circles, RSV + BHA.*p < 0.01 relative to RSV-infected mice.
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FIGURE 4.8 EFFECT OF BHA ON IMMUNOMODULATORY CYTOKINES IN BAL
Cytokine production was measured by Bio-Plex bead suspension array in the BAL of
mice infected with RSV and treated with either vehicle or control at various times
postinfection. The bars in the scatter plot represent the mean of six different animals.
Data shown are representative of three independent experiments. X, sham; solid
diamonds, RSV; open circles, RSV + BHA. *p < 0.01 relative to RSV-infected mice.

Proinflammatory cytokines, such as IL-1, IL-6, and TNF, as well as immuno-
modulatory cytokines, such as IL-10, IL-12, and IFN-y, have been implicated in the
pathogenesis of RSV-induced lung disease (44,128). As with chemokine secretion,
significant cytokine production after RSV infection can be measured mainly during the
first 3 d of infection, with the exception of IL-12 and IFN-y (123). Similar to what we

observed for chemokine production, BHA treatment effectively reduced the secretion of
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all tested RSV-induced cytokines at Days 1, 2, and 3 postinfection (Figures 4.7 and 4.8).
IFN-y secretion was also significantly reduced at later time points (Day 5: RSV, 128.7 +
63.3, vs. RSV + BHA, 22.1 + 5.3 pg/ml; Day 7: RSV, 294.8 + 69, vs. RSV + BHA, 5.8 +
1.7), indicating that antioxidant treatment exerts a general anti-inflammatory activity in
the context of RSV infection of the lung.
Effect of BHA on RSV-induced LT Production

Cys-LTs, which include LTC4, LTD4, and LTE4, are important mediators of
airway inflammation and bronchoconstriction (129). They have been shown to increase in
the respiratory secretion of children infected with RSV (130) and are associated with
RSV-induced wheezing (131). We and others have shown that inhibition of LT synthesis
(132) or treatment with LT receptor antagonist (133) inhibits lung inflammation and
AHR in a mouse model of RSV infection. To determine whether the antioxidant BHA
had an effect on RSV-induced cys-LT release, LTC4 was measured in BAL at various
times postinfection. As shown in Figure 4.9, BHA-treated mice had significantly lower

levels of LTC4, which was particularly evident at Days 3 and 5 postinfection.
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DISCUSSION

Oxidative stress has been implicated in the pathogenesis of several acute and
chronic airway diseases, such as asthma and chronic obstructive pulmonary disease
(134). ROS generation, due to the respiratory burst of activated phagocytic cells recruited
to the airways during viral infections, is an important antiviral defense, necessary for
viral clearance. However, a robust production of ROS can lead to depletion of
antioxidants and cause oxidative stress. Surprisingly, little is known regarding the role of
ROS in respiratory virus—induced lung diseases, with the exception of influenza. It was
not known whether modulation of ROS production with antioxidants would be of clinical
benefit in the contest of RSV infection, for which no effective therapeutic treatment is
currently available. In this study, we took advantage of an in vivo model of RSV
infection to test the effect of antioxidant treatment on RSV-induced lung disease. We
show for the first time that RSV infection induces lung oxidative stress, as evidenced by
increase in the lipid peroxidation products. This is an important finding, because this
information was available only for a mouse model of influenza infection (116).
Remarkably, there are no studies investigating lipid peroxidation products in children or
adults infected with respiratory viruses. These biomarkers of oxidative stress have been
shown to be elevated in plasma and breath condensate of patients, both children and
adults, with various acute and chronic inflammatory lung diseases, and to correlate with
severity of illness in certain disease conditions (135). In our study, antioxidant treatment
with BHA significantly decreased the content of MDA and 4-HNE in BAL of RSV-
infected mice and ameliorated both body weight loss and clinical illness, indicating that
modulation of oxidative stress in the context of RSV infection can lead to improvement
in lung disease. It is important to note that these findings were reproduced by the use of
another antioxidant agent, dimethyl sulfoxide (DMSO). Oral administration of DMSO at
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the time of infection significantly reduced RSV-induced body weight loss and clinical
disease (data not shown). However, given the systemic toxicity of DMSO, we did not use
it for further experiments.

Although it is difficult to determine the precise mechanisms by which
antioxidants provided protection in the context of RSV infection, attenuation of
inflammation is likely a key one. We and others have shown that RSV-induced
chemokine and cytokine release and subsequent pulmonary inflammation play a
fundamental role in the pathogenesis of RSV-induced disease (44,136,137). Lack of
production of specific chemokines, such as MIP-1a (28), or modulation of chemokine
secretion, for example by perflubron treatment (122), has been shown to significantly
reduce RSV-induced pulmonary inflammation. BHA treatment significantly reduced
pulmonary cytokine and chemokine production after RSV infection, resulting in
inhibition of lung recruitment of inflammatory cells, especially neutrophils, which are the
major cell type responsible for oxidative burst in response to infectious stimuli. BHA
treatment was effective if given before or at the moment of RSV infection, but did not
result in significant improvement of clinical disease administered 1 d after infection,
when clinical disease and lung inflammation are already present. This finding suggests
that early therapeutic intervention may be necessary to improve clinical outcome in RSV
infection. In fact, treatment of children with RSV-induced lower respiratory tract
infection with anti-inflammatory drugs, such as steroids, has been shown to be mostly
ineffective in improving clinical disease, as these drugs are usually administered when
children are hospitalized, days after manifestation of initial symptoms (138).

Although BHA administration slightly increased RSV replication in the lung,
there is no documented correlation between RSV viral titer and severity of illness.

Antiviral treatment with ribavirin alone or immunotherapy with specific immunoglobulin

78



does not provide significant clinical improvement, indicating that RSV-induced lung
disease is most likely the result of the inflammatory response more than a direct viral
cytopathic (139). On the other hand, inhibition of NO production, which is antiviral
against RSV in vitro and in vivo (119,140), significantly reduces pulmonary
inflammation and airway hyper-responsiveness, although it increases viral replication
(119), suggesting again that modulation of inflammation is fundamental to controlling
RSV disease.

RSV infection early in life has been associated with AHR and recurrent wheezing,
and possibly long-term pulmonary abnormalities (7,141-142). In the mouse model of
RSV infection, whole-body plethysmography has been used to measure airway
resistance, and we have found that AHR to inhaled methacholine correlates with
pulmonary resistance when measured with more invasive techniques (119,133,143). In
our study, we found that antioxidant treatment attenuated RSV-induced AHR, possibly
due to a reduction in cys-LT production. Cys-LTs are potent bronchoconstrictors, as well
as proinflammatory mediators, and their role in the pathogenesis of airway inflammation
and obstruction has been recently recognized as a new target for therapeutic intervention
(129). They have been shown to increase in the respiratory secretion of children infected
with RSV (130,144) and are associated with RSV-induced wheezing (131). In a mouse
model of RSV infection, increased levels of cys-LTs correlate with increased airway
responsiveness (132), and either inhibition of LT production (132) or treatment with LT
receptor antagonist (133) inhibits AHR. In children, treatment with a cys-LT receptor
antagonist decreased exacerbations of reactive airway disease after RSV bronchiolitis
(145). In our study, BHA administration significantly decreased LTC, secretion, with

parallel reduction of AHR after methacholine challenge, suggesting a causal relationship
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of the two phenomena, although we cannot exclude that inhibition of other important
mediators could be responsible for AHR reduction after BHA treatment.

Although little information is available regarding respiratory infections, there is a
body of literature showing that antioxidants can afford protection against virally induced
morbidity and mortality and are important in host immune responses (146-147). For
example, butylated hydroxytoluene, an analog of BHA, provided increased survival of
chickens infected with Newecastle disease virus (148). In conclusion, the ability of
antioxidants to attenuate symptoms and pathology in RSV infection warrants further
investigation of these agents as a novel therapeutic approach to virally induced

pulmonary disease.
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CHAPTER 5: ANTIOXIDANT AND ANTIVIRAL COMBINATION
THERAPY AMELIORATES RESPIRATORY SYNCYTIAL VIRUS-
INDUCED LUNG DISEASE

ABSTRACT

Respiratory syncytial virus (RSV) is a potent inducer of pulmonary inflammation
and oxidative stress in the lung. In a mouse model of acute RSV infection, treatment with
the antioxidant butylated hydroxyanisol (BHA) significantly ameliorates clinical illness,
proinflammatory mediator induction and pulmonary inflammation. However, this
amelioration of lung disease is accompanied by an increased viral yield. In this study, we
treated RSV-infected mice with a combination therapy of BHA and interferon alpha
(IFN-a). The combined therapy of antioxidant and antiviral agents protected against
RSV-induced pathology and reduced lung viral replication, thus representing a more

efficient treatment for acute RSV infection.

INTRODUCTION

RSV is the most common cause of viral lower respiratory tract infections leading
to severe bronchiolitis and pneumonia in infants and children worldwide (149). An
effective vaccine for RSV is not yet available, therefore various alternative treatment
options are being currently investigated (150). We have recently reported that antioxidant
administration was able to attenuate RSV-induced lung inflammation, pathology, and
severity of clinical disease in mice. However, the antioxidant treatment concurrently
increased RSV viral replication in the lung (151). In contrast, we have also reported that
direct nasal administration of IFN-a before or after infection decreased viral replication
in RSV-infected mice (35). Therefore, our goal for this study was to test the therapeutic

advantage of combination therapy with an antioxidant and antiviral agent in ameliorating
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RSV-induced clinical disease and inflammation, using a well established experimental
mouse model of RSV infection. However, there are no reports about the efficacy of

antioxidant and antiviral combination therapy for acute RSV infection.
MATERIALS AND METHODS

Virus

RSV A2 was grown in HEp-2 cells (American Type Culture Collection,
Manassas, VA) and purified by polyethylene glycol precipitation and sucrose gradient
centrifugation as previously described (47,93).
RSV inoculation and treatment protocol

Female BALB/c mice were purchased from Harlan (Houston, TX) and were
housed in pathogen-free conditions in the animal research facility at the University of
Texas Medical Branch (UTMB), Galveston, Texas. All animal care and treatment was in
accordance with the National Institutes of Health and UTMB institutional guidelines for
animal care. Mice were treated with the antioxidant BHA (250 mg/kg) or control solvent
corn oil in a total volume of 100ul by gavage daily throughout the duration of the
experiment. After a two day pretreatment with BHA mice were lightly anesthetized and
intranasally (i.n.) inoculated with 10" PFU of RSV diluted in PBS to a total volume of 50
pl or sham infected with PBS (28). On day 2 RSV post-infection (p.i), mice were i.n.
treated with 10* TU of murine recombinant interferon alpha (IFN-a) (PBL Biomedical
Laboratories) or 50 pl of vehicle control (Minimum essential medium plus 2% of fetal
bovine serum). For all endpoints tested there were no measured effects with the vehicle

and sham infected experimental group (data not shown).
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Viral titration

Lungs were excised on day 5 p.i., snap frozen in liquid nitrogen, and stored at -
70°C. Serial dilutions of lung homogenates were subjected to the methylcellulose plaque
assay to determine viral titer as previously described (152).
Pulmonary histophathology

On day 7 p.i, lungs were flushed with phosphate buffered saline, perfused and
fixed with 10% buffered formalin, removed, and embedded in paraffin. Multiple 4 pm-
thick sections were stained with hematoxylin and eosin. Slides were analyzed and scored
for cellular inflammation under light microscopy by a board certified pathologist as
previously described (28,153). Briefly, inflammatory infiltrates were scored by
enumerating the layers of inflammatory cells surrounding the vessels and bronchioles.
Finding zero to three layers of inflammatory cells was considered normal. Moderate to
abundant infiltrate consisting of 50% or more of the circumference of the vessel or
bronchioles was considered abnormal. The pathology score reported includes the number
of abnormal perivascular and peribronchial regions divided by the total number of
perivascular and peribronchial regions and are reported as the percentage of inflamed
tissue.
Disease Severity

Illness score and body weight were measured to monitor the progression of
disease. We used a well-established clinical illness grading scale to establish the severity
of infection. Mice were scored daily by two investigators (0 = healthy; 1 = barely ruffled
fur; 2 = ruffled fur but active; 3 = ruffled fur and inactive; 4 = ruffled fur, inactive, and
hunched; 5 = dead) (28). Daily determination of body weight was used to monitor the

progression of disease over the experimental period. These parameters have been shown
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to closely correlate with lung pathology in experimental paramyxovirus infection of
BALB/c mice (120).
Statistical Analysis

Statistical analysis was performed with the biostatistics software program
GraphPad Prism (GraphPad Software, Inc.). Comparisons between all experimental
groups were done using a one way-analysis of variance (ANOVA) with Dunnett’s
multiple comparison test. Comparisons between two groups were done using an unpaired
student’s t-test. Data are presented as mean + standard error of the mean (SEM). A p
value <0.05 was considered significant. The symbol * is used in comparing RSV versus
RSV + Treatment Group. The symbol # is used to denote significance between RSV-

infected Treatment Groups.
RESULTS

Antioxidant and antiviral treatments in RSV-infected mice were previously
developed in our laboratory as separate protocols (35,151). Figure 5.1A illustrates the
experimental design used to investigate the combined effects of BHA and IFN-a on
clinical illness, lung disease, and viral load. Body weight loss and clinical illness score
were evaluated daily, as shown in Figure 5.1B and 5.1C. Combination therapy protected
against RSV-induced body weight loss, although to a lesser degree than BHA treatment,
while p.i. treatment with IFN-a failed to attenuate RSV-induced weight loss (data not
shown). Combination therapy also reduced the severity of RSV-induced illness as early
as day 2 p.i. as opposed to isolated treatment with BHA, which did not reduce RSV-
illness until day 3 p.i. or IFN-o. which displayed little or no benefit at all timepoints
measured (data not shown). To further examine the effect of the combination treatment
on RSV-induced pulmonary inflammation, the lungs of infected mice were collected at

day 7 p.i. to evaluate the pathology score, an index of pulmonary inflammation assessed
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by perivascular and peribronchial mononuclear cell recruitment to the lung. In mice given
the combination therapy, we observed a decrease in RSV-lung inflammation slightly
lower than the administration of BHA alone (Figure 5.1D). There was no marked
difference among the different treatment groups in comparison to RSV+BHA.

We evaluated effect of combined therapy on viral replication in RSV infected
mice at 5 days p.i. since this time corresponds to the peak of RSV viral titer in the mouse
model of RSV infection used for this study.

RSV wviral load in the lung is shown in logarithmic scale (Figure 5.2A) and
percentage of RSV viral yield (Figure 5.2B), which conveys a more visual depiction of
the effects of BHA and combination therapy. Consistent with our previous study (151),
administration of BHA to RSV-infected mice resulted in a greater than 3 fold increase
lung viral replication. As previously reported by (35), treatment with IFN-a significantly
reduced RSV viral load, with no significant differences measured in viral load between
IFN-a versus BHA+IFN-a treatment groups (data not shown). However, combination
treatment produced a 2 fold reduction of viral replication compared to untreated mice,

and led to striking 6 fold reduction in comparison to BHA treated mice.
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FIGURE 5.1 EFFECT OF COMBINATION THERAPY ON RSV INDUCED ILLNESS AND
INFLAMMATION A. Experimental design for antioxidant administration and IFN-a
treatment in the context of RSV infection. Effects of combination treatment on RSV-
induced B. body weight and C. illness score and D. airway inflammation. N=5,
mean£SEM *p<0.05, **p<0.01.

86



>
0

R 61 xk 3501 —|-I |
N
% 5 *x# _. 3001 \
0 \°
()] =)
85 Ll S 2507 \
= °
S 2 2001
S W 34 >
e T o N
) =
8’ ] > 1004 \ \ #
. TRY N
=\ (g & =\ e &
& & ¢ € &
S ¥ s ¥
& X & &
2l 2l
& &

FIGURE 5.2 EFFECT OF COMBINATION TREATMENT ON VIRAL REPLICATION A.
Lung viral titer following antiviral and antioxidant treatment at day 5 p.i. B. Virus yield is
expressed as percentage of RSV and calculated as [(RSV + Treatment viral titer)/ (RSV
viral titer)] X 100. * represents comparisons with RSV as reference group, # represents

comparison between RSV+BHA vs. RSV+BHA+IFN-a **p<0.01, ***p<0.001,
#p<0.001, N=5, mean = SEM.

DISCUSSION

There are currently no reports about the efficacy of antioxidant and antiviral
combination therapy for acute RSV infection. Therefore, our observations in this study
provide the first documentation of ameliorating the symptoms associated with the onset
of RSV infection by combination therapy with the antioxidant BHA and an antiviral IFN-
a, specifically reducing of RSV-induced body weight loss, illness score, and pulmonary
inflammation as well as diminished viral load.

The use of combination therapy with BHA and IFN-a mirrored findings reported
during combination treatment with triamcinolone acetonide (TA), a potent anti-
inflammatory glucocorticoids and the antiviral Synagis (154). Similar to treatment with
BHA alone TA resulted in a profound decrease in RSV-induced inflammatory infiltrates

in the lung (151) and delay in viral clearance (154). While combination therapy with TA
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and Synagis decreased both RSV-induced lung pathology and viral replication (154). In
comparing the antivirals Synagis and IFN-a both diminished RSV viral replication,
however only IFN-a improved RSV-induced lung pathology (35,154).

Antioxidant therapy with BHA alone strongly attenuated several RSV induced
disease parameters. However, the half log increase in viral titer was a notable and
undesirable side effect. Since, we had previously shown the potent beneficial effects of
IFN-a on viral replication and lung pathology (35) we investigated the potential for
combination therapy with BHA and IFN-a to attenuate RSV-induced pulmonary
inflammation and viral replication.

Antioxidants display various protective effects against viral-induced. For
example, a related study by Ghezzi and Ungheri, found that combination therapy with the
antioxidant N-Acetylcysteine (NAC) and antiviral drug ribavirin produced a synergistic
increase in survival rate in mice infected with a lethal dose of influenza virus in
comparison to treatment with just ribavirin alone (117). The protective benefits from
adding antioxidant therapy suggest that a bolstered antioxidant capacity either enhances
host defenses against viral infection or protects against the pathogenesis of viral-induced
lung inflammation. For infants at high risk for developing severe RSV infections such as
those born premature with underdeveloped immune systems or infants exposed to oxidant
producing environmental stimuli such as environmental tobacco smoke, fortifying the
antioxidant status of the lung through nutritional supplementation could protect against
oxidative damage and oxidative injury warrants further investigation.

The anti-inflammatory agent, dosage, and time of administration have also been
identified as critical factors in determining a successful treatment regimen in combating
RSV infection and inflammation (155). For example, we have found that the antioxidant

BHA also had a narrow effective dosing range of (150-250mg/kg) with 250mg/kg being
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the most effective dose for decreasing RSV-induced pulmonary inflammation and
improving acute clinical symptoms. Another advantage of adjuvant antioxidant therapy
could be widening the therapeutic index of anti-viral agents by lowering their effective
dose which should alleviate associated adverse side effects and enhance efficacy of
antiviral therapy.

Similar to other reported antiviral agents that lowered RSV-induced viral
replication and lung inflammation (156), IFN-a also reduced RSV-induced Ilung
inflammation. When given prior to RSV infection, IFN-a also prevented RSV-induced
body weight loss (35). However, post-infection treatment of mice with IFN-o produced
marginal benefit in alleviating RSV-induced clinical illness and body weight loss (data
not shown). The beneficial effect of IFN-a. when given during the clinically relevant
post-infection time frame supports previous reports (157) that prophylactic anti-viral
administration yields the most therapeutic benefit. For example, reports on Synagis
prophylaxis in premature infants results in fewer hospitalizations, suggesting a reduction
in the severity of RSV-induced clinical symptoms of disease (158). Prophylaxis with
Synagis is currently limited to high risk groups. Therfore attenuation of the inflammatory
response with readily available antioxidants such as BHA in children already infected
with RSV, in addition to targeting the infectious agent, is an important avenue for future
investigations since RSV-induced pulmonary inflammation is believed to be a key
process in the pathogenesis of RSV induced lung disease.

One possible explanation for the higher viral load from BHA is this agents known
ability to reduce the expression of antiinflammatory chemokines or cytokines (151)
which stimulate the recruitment of inflammatory cells. Activated phagocytic cells
recruited to the airways during viral infections undergo a respiratory burst and release

ROS, an important antiviral defense necessary for viral clearance. Therefore, the
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antioxidant BHA could reduce the migration of the immune cells involved in viral
clearance, mitigate the stimulation oxidative stress, and thereby enhance RSV viral
replication in the lung. The likely role of IFN-a in the combination therapy is to diminish
viral replication in cells already infected with RSV. The strategic combination of drugs
that work through different but complementary mechanistic pathways demonstrates the
clinical efficacy of successfully targeting both the infectious agent and viral-induced
oxidative lung injury and pulmonary inflammation.

In summary, our new observations extend and further validate the potential
efficacy of combination therapy with an antiviral and anti-inflammatory agent in
alleviating RSV induced lung injury and eliminating viral persistence. Due to the
pervasive nature of RSV, the lack of an effective vaccine and the high cost and limited
use of preventative therapy, there is an urgent need to discover new treatments that

diminish the clinical symptoms during RSV infection and aid in viral clearance.
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CHAPTER 6: A ROLE FOR POLY (ADP) RIBOSE-POLYMERASE
(PARP) IN MEDIATING RESPIRATORY SYNCYTIAL VIRUS
INDUCED PULMONARY INFLAMMATION

ABSTRACT

Respiratory Syncytial Virus (RSV), a major cause of lower respiratory infections
in children world wide, is a potent inducer of pulmonary inflammation. Here, we
demonstrate that RSV is also a potent inducer of Poly (ADP)-Ribose Polymerase (PARP)
nuclear enzymatic activity in vivo and that pharmacological inhibition of PARP
attenuated RSV-induction of PARP activity, the release of pro-inflammatory mediators,
airway cellular influx, and lung inflammation. Therefore, PARP inhibition could

represent a novel target for ameliorating RSV induced lung disease.
INTRODUCTION

RSV, the major cause of viral-induced lower respiratory tract infection, is a potent
inducer of pulmonary inflammation. We and others have recently reported that RSV
infection produces a condition of acute oxidative stress of the airways which coincides
with a rapid stimulation of pulmonary inflammation (119,151). Investigations into the
pathogenesis of various lung inflammatory disorders, also characterized by the condition
of oxidative stress, have identified an associative activation with the nuclear enzyme
PARP (159). Oxidative stress triggers the rapid formation of single stranded DNA breaks,
a necessary event for PARP activation. Interestingly, inhibition of PARP, either through
genetic manipulation or pharmacological inhibition, provides protection against oxidative
stress-induced cellular injury and pro-inflammatory responses in model systems of acute

lung diseases in vivo (37-38).
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Recent studies suggest that PARP mediates lung inflammation by regulating
cytokine and chemokine gene expression (160). However, no published reports
describing effects of PARP inhibition on viral-induced pulmonary inflammation.
Therefore, the primary goal of this study was to determine whether PARP plays a role in
RSV-induced pulmonary inflammation by modulating the expression of inflammatory
chemokine and cytokine production. We selected INO-1001, a potent isoindolinone-

based inhibitor of PARP catalytic activity to diminish PARP activity.
MATERIALS AND METHODS

Treatment Protocol and Innoculation
Female BALB/c mice (Harlan, Houston, TX), 8-10 weeks of age, were pretreated one
hour prior to RSV infection with an intraperitoneal injection of 200 mg/kg INO-1001
(Inotek Pharmaceuticals Corporation, Beverly, Massachusetts) in 5% dextrose or control
diluent in a total volume of 0.5ml. The dosage, route, and timing of INO-1001 were
based on suggestions from Inoteck Pharmaceuticals Corporation. Mice were anesthetized
and intranasally inoculated with either sucrose purified HEp-2 extracts (Sham) or sucrose
purified RSV at 1x10” PFU as previously described elsewhere (47,123). Subsequently,
mice received additional treatments with the same dosage of INO-1001 at 6 and 12 hours
post-infection (p.i.) and then once daily from day 1 p.i. until p.i. day 5 for viral titration
and histopathology. Experimental groups labeled as control and INO were treated with
vehicle and INO-1001 respectively and sham infected. RSV and RSV+INO were treated
with vehicle and INO-1001 respectively and RSV infected.
PARP Enzymatic Activity

At 24 hours p.i., lungs were removed and immediately snap frozen. Nuclear
extracts isolated from the lung tissue of RSV-infected and INO-1001 treated mice were

isolated using the hypotonic/nonionic detergent lysis method as previously described
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(161). PARP activity was measured using 25 pg of nuclear extract incubated at 30°C for
30 min in a 40 pl reaction mixture containing 3% glycerol, 50 mM HEPES (pH 7.8), 5
mM MgCI2, 50 mM 0.5 mM DTT, 0.4 mM EDTA, 20 pg/ml bovine serum albumin, 2
mM ATP, and 0.5uCi (3000 mCi/mol) [**P] NAD+ (Amersham) (162). The reaction was
stopped by the addition of 50ul acetone and ribosylated nuclear acceptor proteins were
analyzed by 8% SDS PAGE and visualized by ImageQuant (Molecular Dynamics).
Pulmonary Inflammation and Histopathology

Total leukocyte cell counts in bronchoalveolar lavage (BAL) obtained at day 1 p.i.
were determined by counting the viable cells which excluded trypan blue stain. To
measure cell differentials in BAL, cytospin slide preparations were stained and viewed by
light microscopy. For histopathology, slides of conventionally formaldehyde-fixed lung
sections were prepared and scored for cellular inflammation by a board certified
pathologist as previously described (28,151).
Chemokine and Cytokine Protein Profiles

To assess the production of chemokines and cytokines released into the airspace,
BAL was obtained at 24 hours p.i. and multiple inflammatory mediators were measured
using the Bio-Plex Cytokine Mouse Multi-Plex panel (Bio-Rad Laboratories) according
to the manufacture instructions, as previously described (123).
Viral Titration

Lungs from RSV-infected mice treated with INO-1001 or vehicle were excised at
day 5 p.i., snap frozen in liquid nitrogen, and stored at -70°C. Serial dilutions of lung
homogenates were subjected to the methylcellulose plaque assay to determine viral titer

as previously described (122).
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Statistical Analysis

Statistical analysis was performed with the biostatistics software program GraphPad
Prism (GraphPad Software, Inc.). Comparisons between two groups were done using an
unpaired student’s t-test. Data are presented as mean + standard error of the mean (SEM).

A p value <0.05 was considered significant.
RESULTS

As shown in Figure 6.1, RSV was a potent inducer of PARP enzymatic activity,
as indicated by the formation of ribosylated ADP units to nuclear acceptor proteins.
Treatment with INO-1001 completely blocked RSV-induced PARP activity, as well as
basal levels of sham-infected mice (data not shown). PARP activity was detectable in
INO-1001 treated and sham+vehicle groups only upon prolonged exposures (data not

shown).

RSV+Vehicle RSV+INO

m <— ADP-ribosylated protein

WPEE g v @@ <«— B-Laminin

FIGURE 6.1 PARP INHIBITION WITH INO-1001 SUPPRESSES RSV-INDUCED PARP.
Enzymatic PARP activity was assayed in lung nuclear extracts obtained at day 1 p.i. from
RSV infected mice treated with either vehicle or INO-1001. Figure is representative of
two independent experiments.

We have published numerous reports using the Balb/c mouse model of RSV
infection and routinely measure inflammatory parameters associated with the progression

of RSV-induced acute lung injury (28,123). To investigate the effect of PARP inhibition
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on RSV-induced acute lung inflammation, bronchoalveolar lavage (BAL) samples
obtained from the lungs of treated mice on day 1 p.i. were used to measure total cellular
influx, perform differential cell counts, and measure inflammatory cytokine and
chemokine proteins. As previously observed, the number of cells in BAL from RSV
infected mice was an order of magnitude higher than in sham infected mice. Treatment
with INO-1001 led to a significant 3 fold decrease in total cellular influx (Figure 6.2A)
and reduced neutrophil migration into the airspace of lungs by ~ 4 fold both sham and
RSV-infected mice in comparison to their respective controls (Figure 6.2B). Similarly,

lung pathology analysis showed that PARP inhibition significantly reduced RSV-
induced cellular infiltrate within the perivascular and peribronchiol regions of the lung.
These observations clearly indicate that INO-1001 treatment dramatically attenuates
RSV-induced lung inflammation (Figure 6.2C). To examine whether the decrease in
RSV-induced lung inflammation was due to a decrease on RSV replication, mice were
administered INO-1001 and lungs were obtained at day 5 p.i to measure viral load. In
contrast to the dramatic effects of INO-1001 on RSV-induced lung inflammation, there
was no change in RSV viral titer (Figure 6.2D).

To determine whether treatment with INO-1001 altered the secretion of RSV-
induced inflammatory mediators, BAL obtained on day 1 p.i. was analyzed by Bio-Plex.
As shown in Figure 6.3 and 6.4, PARP inhibition significantly attenuated the secretion of
nine different RSV-induced inflammatory cytokines (Figure 6.3) and three chemokines
(Figure 6.4). Some measurements for control groups were below the limit of detection

and therefore are not shown.
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FIGURE 6.2 THE EFFECT OF INO-1001 ON RSV INDUCED PULMONARY
INFLAMMATION AND VIRAL TITER. BAL was collected at day 1 p.i. to measure: A)
Total leukocyte cell counts in BAL, B) Percentage of neutrophils in BAL, C) Lung
pathology, D) Viral load. N=4, mean+SEM, *p<0.05, **p<0.01, ***p<0.001.

96



pg/mL

pg/mL

pg/mL

FIGURE 6.3 EFFECT OF PARP INHIBITION

IL-1a IL-1p IL-6
600- 1200 2500
*
5001 ¢ *% ¢ 2000 .
¢ .
4001 LI ° oo *
. —— By —— -
3001 : 0 . *% .
o 10004 .
2001 go o ¢ g o
00 0 09
—0= 5004
100+ ° 00 * —939—0 S
o° o
0 T T T T [o; T T
RSV RSVHNO RSV RSV+INO SHAM RSV RSVHINO
IL-10 IFN-y IL-12(p40)
Ly 120, 2507 o
*
6.')- “0 *k 1m- . 2m- 79
501 ¥ —_—
‘ot ° 801
A0 008 ol ot 1501 .‘
—o— —_—
£y 000 "‘ 1004 * **
21 “ ¢ *k
504 0 0
2041
101 _11998_
o Rexe 0 LoRfree- °
T T T T
RSV RSWNO  SHAM RSV RSVHINO RSV RSVHNO
IL-12(p70) G-CSF TNF-a
20000+
& . 3500 . .
504 % . * .
*x 20 soo] ¢
20 Cedee — o
% 21001 . ——
301 0 . 0 0 100004
o 4o ¢ %00 e *
201 040 o° X
° 5000 o
104 700 0a°
R 0000
o, T T T ¢, T T '\m‘— T T
RSV RSV+INO SHAM RSV RSV+INO SHAM RSV RSVHNO SHAM

ON

RSV-INDUCED INFLAMMATORY

CYTOKINE SECRETION. The release of inflammatory mediators was measured by Bio-
Plex in the BAL at day 1 p.i. to quantitate. Results values from individual mice in one
experiment which was representative of three independent experiments, N=9, — symbol
represents mean, * p<0.01, **p<0.001.
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FIGURE 6.4 EFFECT OF PARP INHIBITION ON RSV-INDUCED INFLAMMATORY
CHEMOKINES PRODUCTION. The release of inflammatory mediators was measured by
Bio-Plex in the BAL at day 1 p.i. to quantitate. Results are representative of three
independent experiments, N=9, — symbol represents mean, * p<0.01, **p<0.001.

DISCUSSION

Although numerous studies utilizing various models of pulmonary inflammation
have reported that PARP knockout or INO-1001 pharmacological inhibition modulate the
innate inflammatory response (159,163), no published reports have investigated the role
of PARP in RSV-induced pulmonary inflammation. Our observations include the novel
finding the RSV is a potent inducer of PARP activation. Of concern, is the rapid over-
activation of PARP could rapidly deplete cellular NAD+ and ultimately lead to cell death
through the necrotic pathway. Prevention of PARP mediated cell necrosis during acute
tissue injury is currently being explored since the leakage of cellular contents from
necrotic cells releases powerful inflammatory stimuli, which does not occur during the
more controlled process of cell death by apoptosis. Efforts to block overactive PARP
mediated inflammatory responses in favor of the more benign apoptotic cascade could
thus reduce acute lung injury during RSV infection. PARP activation is also mediated by

free radicals and oxidative stress. We have previously reported that RSV induces
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oxidative stress in the lung of infected mice (151). Therfore, treatment with INO-1001
may have blocked the positive feedback cyle leading to RSV induced PARP activation by
preventing cell necrosis, inflammation and subsequent downstream oxidative stress
(164).

This study also demonstrated that pharmacological inhibition of PARP with
inhibition INO-1001 also decreased immune cell migration into the airspace of the lung.
Several studies using other models of lung inflammation (165,166) have observed similar
findings indicating that PARP is involved in regulating leukocyte trafficking into the lung
and that PARP inhibition selectively decreases neutrophil chemotaxis. The observed
effect of PARP inhibition on RSV induced lung pathology was both striking and
profound. Another function of PARP is regulating endothelial permeability as supported
by the finding that treatment with PARP inhibitor 3-aminobenzamide significantly
reduced the lipopolysaccharide-induced lung hyperpermeability (167). Since reduced
levels of cellular infiltrates were observed both in the surrounding airways and
vasculature, PARP inhibition could have decreased RSV-induced vascular permeability
in the lung. As reported for other models of pulmonary inflammation (159)
pharmacological inhibition of PARP resulted in a widespread reduction in RSV-induced
chemokines and cytokines. Treatment with PARP inhibitior PJ34 similarly reduced
inflammatory chemokine MIP-1a cytokines TNF-o and IL-12 in a mouse model of
asthma (160). In conclusion, our observations of the dramatic protective effects of PARP
inhibition warrant further inquiries about the role of PARP in ameliorating RSV-induced
acute lung inflammation and possibly preventing the long term consequences of lung

injury, critical concerns in the rapidly developing infant.
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CHAPTER 7: CIGARETTE SMOKE CONDENSATE ENHANCES
RESPIRATORY SYNCYTIAL VIRUS-INDUCED CHEMOKINE
RELEASE BY MODULATING NF-KAPPA B AND INTERFERON
REGULATORY FACTOR ACTIVATION

ABSTRACT

Exposure to cigarette smoke is a risk factor contributing to the severity of
respiratory tract infections associated with respiratory syncytial virus (RSV). Exposure
of airway epithelial cells to either RSV or cigarette smoke condensate (CSC) has been
shown to induce secretion of the pro-inflammatory chemokines. We tested the hypothesis
that co-exposure of airway epithelial cells to CSC would enhance RSV-induced
chemokine production. Co-exposure of A549 human type II cells to CSC and RSV
synergistically increased RSV-induced chemokine gene and protein expression of IL-8
and MCP-1. Promoter deletion studies identified the interferon stimulatory response
element (ISRE) of the IL-8 promoter as a critical region responsible for the synergistic
increase of IL-8 gene transcription by the co-exposure. CSC enhanced RSV-induced
activation of the interferon regulatory factors (IRF)-1 and IRF-7, which bind to the ISRE
site. Co-exposure also furthered RSV-induced activation of the transcription factor NF-
kB, as shown by increased NF-xB DNA- binding to its specific site of the IL-8 promoter
and increased NF-kB-driven gene transcription. Therefore, our observations that a
combined exposure to CSC and RSV synergistically increases chemokine expression in
airway epithelial cells, suggesting that CSC enhances the already exuberant immune

response to RSV by stimulating overlapping signal transduction pathways.
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INTRODUCTION

Respiratory syncytial virus (RSV) is a major cause of lower respiratory infection
in infants, elderly, and immuno-compromised patients (168-169) By the age of 2, nearly
all children have been infected with RSV (170). An effective vaccine for RSV has yet to
be developed and immunity to infection is incomplete. Therefore, repeated attacks of
RSV infection occur, causing symptoms ranging from mild nasal discharge greater
morbidity, such as bronchiolitis and pneumonia requiring hospitalization. In addition to
the acute morbidity of RSV infection, long-term consequences include the development
of hyperractive airway disease (171) and recurrent wheezing, both risk factors for the
development of asthma (7).

Although the mechanisms of acute RSV-induced lung disease have not been
clearly elucidated, strong experimental evidence indicates that early inflammatory and
immune events play critical roles. Therefore, exposure to external stimuli that either
contribute to or enhance the inflammatory response to RSV infection could consequently
increase the severity of RSV-induced lung disease and/or the long-term consequences
associated with RSV infection. One such external stimulus is exposure to environmental
tobacco smoke (ETS). In the United States, exposure to ETS may occur in up to 60% of
the infants with RSV bronchiolitis and multiple epidemiological studies have suggested
that ETS exposure contributes to the severity of RSV LRTI, (172). ETS has also been
linked to an increased frequency of lower respiratory tract infection (LRTI), persistent
wheezing, increased incidence and severity of asthma episodes (40) and overall decreased
pulmonary function (40,173). Known responses to ETS exposure that could worsen RSV-
induced acute lung inflammation and delay viral clearance include oxidative stress (174),

mucosal edema, decreased mucocilliary clearance, and bronchial inflammation (40).
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The airway epithelial cell, a primary target of RSV infection, plays a key role in
regulating pulmonary inflammation by producing potent immuno-modulatory and
inflammatory mediators, such as chemokines. Chemokines are small cytokines that
recruit and activate leukocytes into the airway mucosal. Therefore, chemokines play a
pivotal role in regulating acute inflammatory and infectious processes (175). Monocyte
chemoattractant protein-1 (MCP)-1 and interleukin-8 (IL-8) are two chemokines found in
samples derived obtained from the airways of hospitalized infants with naturally-acquired
RSV infection (25,27) and in the bronchoalveolar lavage of mice following exposure to
ETS (176). MCP-1 is a major recruiter of monocytes and macrophages, whereas 1L-8
promotes primarily the migration and activation of neutrophils.

Pathological mechanisms underlying the epidemiologic association between
cigarette exposure and the severity of RSV infection are unclear. In various experimental
model systems, independent stimulation with either RSV or cigarette smoke condensate
(CSC), a tar phase extract of cigarette smoke, has been linked to the activation of NF-«B
(23,177,178). NF-kB is a ubiquitous multifunctional transcription factor involved in the
expression of RSV-induced chemokines IL-8 and MCP-1 (23,179). However, the impact
of a mixed exposure of CSC during RSV infection on chemokine secretion, as well as on
activation of NF-kB and other transcription factors that regulate chemokine gene
expression, has not been investigated.

In this study, we show that the presence of CSC increased the production of 1L-8
and MCP-1 in RSV-infected airway epithelial cells. The synergistic induction of IL-8
gene transcription by RSV and CSC co-exposure required the participation of the IL-8
promoter ISRE site, which binds transcription factors belonging to the IRF family. RSV
and CSC co-exposure induced increased nuclear translocation and binding of IRF

proteins to the ISRE site. Furthermore, we observed enhanced NF-kB activation and NF-
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kB-driven gene transcription during RSV and CSC co-stimulation. These studies reveal
important new mechanistic information on how cigarette smoke is an associative factor

capable of contributing to the severity of RSV-induced inflammatory response.
MATERIALS AND METHODS

RSV and CSC Preparation

The RSV A2 strain was grown in HEp-2 cells and purified by centrifugation on
discontinuous sucrose gradients as described elsewhere (47). The virus titer of the
purified RSV used ranged form 8-9 log)y plaque forming units (PFU)/ml using a
methylcellulose plaque assay. No contaminating cytokines were found in these sucrose-
purified viral preparations (48). LPS, assayed using the limulus hemocyanin agglutination
assay, was not detected. RSV pools were aliquoted, quick-frozen in liquid nitrogen, and
stored at -70°C until used. The CSC was purchased from Murty Pharmaceuticals and
prepared by smoking University of Kentucky’s Standard Research Cigarettes on an FTC
Smoke Machine. The total particulate matter (TPM) collected was extracted with DMSO
(CSC diluent vehicle) to generate a 4% solution.
CSC treatment and infection of epithelial cells with RSV

A549, human alveolar type II-like epithelial cells, and 293, a human embryonic
kidney epithelial cell line (ATCC, Manassas, VA), were maintained in F12K and MEM
medium respectively, containing 10% (v/v) FBS, 10 mM glutamine, 100 IU/ml penicillin
and 100 pg/ml streptomycin. Cell monolayers were serum starved for 4 hours prior to
CSC exposure. Cells were then pre-treated with equivalent volumes of DMSO (control)
or CSC (1 pg/ml) for 2 h prior and subsequently infected with 30% sucrose solution
(control) or sucrose purified RSV at a multiplicity of infection (MOI) of 1. Cells were

harvested at various times post-infection. No cell toxicity was observed by measurements
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of total cell number and viability at 24 hour following treatment with CSC 1 pg/ml by
trypan blue exclusion.
Chemokine Protein Determination

Supernatants from treated and infected cells were harvested at 24 h post-infection
(p.1.) to measure the release of inflammatory mediators. Both IL-8 (DuoSet) and MCP-1
(Quantikine) proteins were quantified by ELISA following the manufacturer's protocol
(R&D Systems). The production of chemokines and cytokines were measured using the
Bio-Plex Cytokine Mouse Multi-Plex panel (Bio-Rad Laboratories) according to the
manufacture instructions as previously described (123).

Quantitative Real Time Polymerase Chain Reaction (Q-RT-PCR)

Total RNA was extracted from A549 cells harvested at 6, 12, and 24 h p.i. using
the RNeasy Mini Kit (Qiagen). RNA integrity was assessed by gel electrophoresis and
quantitated with absorbance A,q> 1.5. For IL-8 and MCP-1 gene transcript amplification
by Q-RT-PCR, Tagman® Gene Expression Assay singleplex containing a 20 X mix of
primers and FAM™ TagMan® MGB probes for target genes and 18S rRNA VIC™
TagMan® assay reagent were used (Applied Biosystems). Separate tubes (singleplex)
one-step RT-PCR was performed with 100ng RNA for both target genes and endogenous
control. The cycling parameters using TagMan® master mix one-step RT-PCR were:
reverse transcription 48°C for 30 min, AmpliTaq activation 95°C for 10 min,
denaturation 95°C for 15 sec and annealing/extension 60°C for 1 min (repeat 30 times)
on ABI7000. Duplicate CT values were analyzed in Microsoft Excel using the
comparative CT (AACT) method as described by the manufacturer (Applied Biosystems).
The amount of target (2**“") was obtained by normalizing to endogenous reference

(18S) sample.
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Plasmid Construction and Cell Transfections

We used previously described (11) luciferase reporter gene plasmid constructs
containing 5’ deletions of the human IL-8 promoter at upstream positions -162, -132, and
-99, multimeric ISRE and NF-kB binding sites and mutations within the ISRE (RSVRE)
site. Luciferase reporter constructs were transiently transfected into A549 and 293 cells
using Fugene 6 (Roche Applied Science). Logarithmically growing cells were transfected
with lug of the reporter gene plasmid and 0.5 pg of B-galactosidase premixed with
Fugene 6 in a 1:3 ratio (ug/pl). After 18 h of transfection, triplicate plates were treated
with either control solvent (DMSO), CSC (1ug/ml), RSV (MOI 1), or RSV+CSC. At
indicated times cells were harvested to measure luciferase and B-galactosidase activity as
previously described (23). Luciferase activity was normalized to the internal control -
galactosidase activity and results reported as fold induction over baseline control values.
Results are representative of three independent experiments.
Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts were prepared from A549 cells infected or treated with either
CSC or RSV or a combination of the two at 6 and 12 p.i. using the hypotonic/nonionic
detergent lysis as previously described (11). Protein concentrations of the nuclear extracts
were quantitated by protein assay (Bio-Rad) and incubated with oligonucleotides
corresponding to the interferon stimulated response element (ISRE) and the NF-kB wild-
type (WT) and mutated (MUT) binding sites of the IL-8 promoter. Sequences for the
oligonucleotides are shown below with mutated nucleotides that disrupt NF-kB binding
shown in bold font and underlined. Oligonucleotides were synthesized by Integrated
DNA Technologies, Coralville, IA. The DNA binding reaction for the NF-kB probe
contained 10 pg of nuclear protein, 1 pug of polydeoxyadenylicthymidylic acid (polydA-

dT), 5% glycerol and 50,000 cpm o**P —labeled double stranded oligonucleotide in a total
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volume of 20 pl. Additional reagents for the ISRE binding reactions included SmM
dithiothreitol (DTT). For competition assays, 2 pmol of unlabeled wild-type or mutated
competitor was included in the binding reaction. The resulting hybridized DNA-protein

complexes were resolved using a 6% non-denaturing polyacrylamide gel and visualized

by autoradiography.
ISRE-IL-8: 5’-GATCCACCGTA TTT GATAAGGAACAAATAGGAGTGTTA-3’
3-CTAGGTGGCATAAACTATT CCTT GTTT AT CCTCACAAT-S’
NF-KB-IL-8(WT): 5’-GATCCATCAGTTGCAAATCGTGGAATTTCCT CTA-3’
3-GTAGTCAACG TTTAGCACCTTAAAGGAGATCTAG-5’
NF-KB-IL-8MUT): 5’-GATCCATCAGTTGCAAATCG TITAATTTAA TCTA-3’

3-GTAGTCAACGTTT AGCAAATTAAATTAGATCTAG-S

Western Immunoblot

Nuclear extracts from treated A549 cells were seperated by SDS-PAGE,
transferred to a PVDF membrane, and probed with commercially available primary rabbit
polyclonal IgG antibodies against IRF-1, IRF-3, IRF-7 (Santa Cruz Biotechnology); anti-
phospho-IRF-3(Ser396), anti-NF-xBp65 (Upstate); and LaminB (Zymed Laboratories,
Inc.). Following probing with HRP-secondary antibody, proteins were detected using an
Enhanced Chemiluminescence system (Amersham Life Science) and visualized through
autoradiography. Protein bands were quantitated using Alpha Imager (Alphalnnotech).
Viral Titration

Supernatants from treated A549 cells were obtained at 24 h p.i., snap frozen in

liquid nitrogen, and stored at -70°C. Serial dilutions of the supernatants were added to
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confluent HEp-2 cells grown in 24-well plates and viral titers were determined by the
methylcellulose plaque assay, as previously described (177).
Statistical Analysis

Statistical analysis was performed with the biostatistics software program
GraphPad Prism (GraphPad Software, Inc.). Comparisons between the two treatment
groups RSV versus RSV + CSC were analyzed using an unpaired student’s t-test. Data
are presented as mean + standard error of the mean (SEM). A p value <0.05 was

considered significant.
RESULTS

The Effect of CSC exposure on RSV-Induced Chemokine Production in Airway
Epithelial Cells

To study the effect of CSC on RSV-induced chemokine secretion in airway
epithelial cells, we used A549 cells, a human cell line which resembles type II alveolar
epithelial cells, because this model system had previously been shown to be both suitable
and useful for investigating RSV infection (23,45). Since RSV is a potent inducer of
inflammatory mediators in our model system of A549 cells, we tested increasing
concentrations of CSC (0.1, 0.5, 1, 10 pg/ml) in combination with low MOIs of RSV
infection (0.1, 0.5 and 1) to identify a potential effect of CSC on RSV infection. Cell-free
supernatants of treated and infected cells were obtained at 12, 24, and 48 h p.i. for
measurements of IL-8 and MCP-1 secretion by ELISA. Co-exposure yielded additive
increased trends in chemokine secretion at 12 and 48 h p.i (data not shown). The
treatment conditions with CSC (1 pg/ml) and RSV (MOI of 1) at 24 h p.i. was selected
used for all future experiments unless otherwise noted based on the consistently observed
synergistic increases in IL-8 and MCP-1 protein secretion (Figure 6.1). To identify the

potential release of additional inflammatory mediators, supernatants were also analyzed
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by Bio-Plex Multiplex Suspension Array (Bio-Rad), as previously described (123).
However, no significant additive or synergistic increase of other chemokine or cytokine
was observed in the combination treatment versus RSV alone (data not shown).

To evaluate whether CSC potentiates RSV-induced chemokine production at the
level of gene expression, IL-8 and MCP-1 mRNA abundance was determined by Q-RT-
PCR. A549 cells were treated with control solvent or CSC and either mock or RSV
infected as previously described. Cells were harvested at 6, 12, and 24 h p.i. to extract
total RNA. CSC treatment alone produced only slightly increased levels of IL-8 and
MCP-1 mRNA, while there was a significant increase in expression for both genes in
RSV-infected cells compared to uninfected cells. CSC and RSV co-exposure led to a
synergistic increase in the level of IL-8 and MCP-1 mRNA compared to CSC exposure or
RSV infection alone (Figure 7.1B).

To determine whether the synergistic increase in chemokine secretion
following RSV and CSC co-exposure was due to an increase in viral replication, we
assessed viral titer in supernatants from treated and infected A549 cells harvested at 24 h
p.i. As shown in Figure 7.2, exposure of RSV-infected cells to CSC did not alter RSV
viral replication. Therefore stimulation of overlapping signaling pathways, and not
enhanced viral replication, could be responsible for the observed increases in chemokine

expression.

108



A ELISA

IL-8 . WCP-1 -
- 51
T 70 E 77
£ L
o A ] 5]
[
g 2
> 40 34
@ B
T 30T —_ 31
5 5
E - £
- T
c 104 IE 14
0 0
Cac REY REWCEC CSC RSY RSW+CSC
wH MCP-1
0 IL-8 12- .
E T
= =
; 3 9
WA _ i
; :
= N
: :
% 10 =
= E 3.
g =
z N
0 0

CEC RSY REV+CSE 0 RV R +CEC

FIGURE 7.1 RSV INFECTION AND CSC TREATMENT OF A549 CELLS
SYNERGISTICALLY STIMULATES IL-8 AND MCP-1 PROTEIN RELEASE AND GENE
EXPRESSION. A549 cells were treated with vehicle control DMSO and CSC (1 pg/ml)
and infected with sham and RSV (MOI of 1). Supernatants were harvested at 24 h p.i.
and assayed for IL-8 and MCP-1 protein secretion by ELISA (A). IL-8 and MCP-1 gene
expression was quantified by real time PCR at 12 h p.i. (B). Data are presented as fold
increases over control and are representative of three independent experiments. *p<0.05,
*#p<0.01, ***p<0.001 RSV relative to RSV+CSC.

109



Log,,PFLYmL
T

RSY RSY+CSC

FIGURE 7.2 EFFECT OF CSC ON RSV REPLICATION. Supernatants of A549 cells
exposed to DMSO(vehicle control) and CSC 1 pug/ml and infected with RSV at MOI of 1
were harvested at 24 h p.i. to measure RSV viral replication using the methylcellulose
plaque assay, n=3.

CSC enhances RSV-Induced IL-8 Transcription Though IRF Activation.

In order to identify the molecular mechanism regulating the increased chemokine
production in RSV+CSC treated cells, we investigated the potential roles of specific cis
regulatory elements to activate the IL-8 promoter and the transcription factors binding to
those regulatory elements in response to RSV and CSC co-exposure. A549 cells were
transiently transfected with plasmids containing 5’ serial deletions, site mutations, or
modifications of the human IL-8 promoter linked to the luciferase (LUC) reporter gene.
A detailed description of these generated constructs is provided by Casola et al. (11). We
have previously shown that nucleotides starting at -162 nt upstream of the transcription
start site of the IL-8 promoter are sufficient for RSV-induced promoter activation (23).
The diagram in Figure 7.3A depicts the 5’ flanking region of the IL-8 promoter starting

with the full length wild-type construct designated as the -162/+44 hIL-8 luciferase
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(LUC) reporter plasmid. The promoter region contains transcription factor binding sites
identified as ISRE (an IRF-1 binding site), AP-1, NF-IL6, NF-xB, and the TATA
transcriptional initiation site. All four binding sites play an important role in RSV-
induced IL-8 promoter activation in A549 cells (11,23,45).

A549 cells were transfected with the various IL-8 plasmid constructs and 18 hours
and treated as previously mentioned. Cells were harvested and assayed for luciferase
reporter gene activity at 6, 12, and 24 h p.i. For all constructs, no significant increase of
luciferase activity was observed in CSC versus control treated cells, therefore results
were reported as fold increases over control (Figure 7.3B). RSV infection led to a 5 fold
increase in luciferase activity of the full length promoter (-162/+44 hIL-8 LUC) versus
control, as previously observed (23). While, co-exposure with RSV+CSC resulted in a
heightened 9 fold synergistic increase in luciferase activity, in comparison to RSV
infection alone (Figure 7.3B).

Cells transfected with the 162M/+44 hIL-8 LUC construct, containing a site
mutation in the ISRE site, exhibited a slightly lower luciferase induction (4 fold) after
RSV infection in comparison to the -162 hIL-8 promoter. With the ISRE mutation, co-
exposure with RSV+CSC also failed to enhance IL-8 promoter activation as opposed to
the synergistic induction observed with the full length promoter. The -132/+44 hIL-8
LUC construct is a deletion mutant that lacks the ISRE site (11). Similar to the -162M
promoter, the -132 deletion mutant showed decreased promoter activation (4 fold) in
response to RSV infection and only a slight increase after co-exposure, in comparison to
RSV alone (Figure 7.3B).

Consistent with prior observations (45), cells transfected with —99/+44 hIL-8
LUC which contains only the NF-IL6 and the NF-«B sites of the IL-8 promoter, were not

inducible in response to RSV or co-exposure with RSV+CSC (data not shown). To
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validate the role of the ISRE binding site in RSV+CSC enhanced IL-8 promoter activity,
a construct containing two ISRE sites and lacking the AP-1 site, linked to the non-
responsive -99/+44 promoter region, designated as 2(ISRE)-99/+44 IL-8 LUC was
transfected into A549 cells. Inserting 2 copies of the ISRE site into the —99/+44 hIL-8
LUC restored RSV inducibility of the -99/+44 IL-8 promoter (17 fold) and the re-
established the synergistic promoter activation observed following RSV+ CSC co-
stimulation (24 fold) (Figure 7.3B). In summary, these results indicate that the IL-8
promoter sequence spanning from -162 to -132, corresponding to the ISRE site, is
necessary for enhanced IL-8 gene transcription following RSV and CSC co-exposure.

To further investigate the role of the ISRE site in RSV+CSC-induced enhanced
IL-8 gene transcription, we determine whether RSV+CSC co-exposure produced changes
in the abundance of ISRE-binding proteins by EMSA, using nuclear extracts prepared
from uninfected and RSV-infected cells in the presence or absence of CSC. As shown in
Figure 7.4A, three binding complexes, C1, C2 and C3, were detected in control A549
cells. There was a slight induction of C1 complex when treated with CSC alone, and
more in response to RSV infection. CSC+RSV co-exposure resulted in a significant
increase of C1 complex formation, compared to each stimulus alone (Figure 7.4A). The
inducible C1 complex was sequence specific, as demonstrated by its competition by
unlabeled wild type. The enhanced induction of C1 complex during co-exposure was
sustained until 12 h p.i. (data not shown).

We have previously shown that IRF-1 binds to the ISRE IL-8 promoter in
response to RSV infection (11) and that RSV induces the activation of IRF-3 and IRF-7
in airway epithelial cells (29). Therefore, to determine the effect of CSC on IRF
activation during RSV infection, we analyzed nuclear translocation of IRF1, -3 and -7 by

Western blot following various treatments at 6 h p.i. As shown in Figure 7.4B and 4C,
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co-exposure led to an increase in IRF-1 and -7 nuclear translocation compared to RSV
alone. A modest increase in IRF-3 phosphorylation, a marker of activation (180), but not
in nuclear abundance, was also observed (data not shown).

CSC enhances NF-xB activation in response to RSV infection.

NF-«B is a ubiquitous multifunctional transcription factor that plays an important
role in pro-inflammatory gene expression (181). In various experimental systems both
RSV and CSC alone, have been shown to induce signaling pathways leading to the NF-
kB activation, (23,177-178). We have previously shown that NF-kB is necessary for
RSV-induced IL-8 promoter activation (23). To determine whether NF-kB activation was
enhanced by RSV+CSC co-exposure, an NF-kB-driven artificial promoter, containing
three copies of the IL-8 NF-kB binding site, was used to investigate NF-kB activation
following RSV+CSC stimulation. Cells were transfected with the NF-xB-driven
luciferase reporter plasmid and either infected with RSV alone or in combination with
CSC. Cells were harvested at various time points to measure luciferase activity. As
shown in Figure 7.5, CSC alone did not induce luciferase activity, in contrast to RSV
which induced a 9 fold increase at 6 h, but not at 12 or 24 h p.i.. While co-stimulation of
RSV+CSC produced a synergistic increase in promoter activation, compared to RSV
alone at all time points.

Based on the observation that CSC contributed to RSV-induced NF-xB
activation, we investigated whether CSC enhanced RSV-induced NF-«xB DNA-binding
activity by EMSA. Nuclear extracts were incubated with a radio-labeled oligonucleotide
corresponding to the IL-8 promoter NF-kB site. RSV infection induced the formation of
two DNA-binding complexes, C1 and C2, which were enhanced by RSV and CSC co-

exposure, both at 6 and 12 h p.i. C3 was constitutively present in uninfected and infected
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cells (Figure 7.6A). Cland C2 binding was specific, as demonstrated by competition
assays with wild type (WT) or mutated (MUT) NF-kB binding site.

We have previously shown that the p65 NF-kB subunit is the major protein
constituting RSV-induced C1 and C2 complexes (23). To confirm that RSV and CSC co-
exposure enhanced NF-kB activation, nuclear extracts were prepared from A549 cells at
6 and 12 h p.i. and NF-kB nuclear translocation by analyzed by Western blot. While there
was no significant increase in p65 nuclear translocation after stimulation of A549 cells
with CSC alone, nuclear abundance of p65 was higher in co-exposed cells in comparison
to RSV alone (Figure 7.6B and C). All together these results indicate that CSC enhances

RSV-induced NF-kB activation and subsequent NF-kB-dependent gene transcription.
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FIGURE 7.3 EFFECT OF CSC TREATMENT ON RSV-INDUCED IL-8 PROMOTER
ACTIVATION. (A) Schematic representation of plasmid constructs containing 5’ flanking
region of the IL-8 promoter region, starting upstream at -162 bp, either wild type or
containing modification of the ISRE binding site including ISRE deletion (-132 IL-8),
ISRE mutation (-162M), two multiple ISRE binding sites, linked to a luciferase (LUC)
reporter gene. Additional regulatory binding sites corresponding to the AP-1, NF-IL6,
and NF-kB sites are also shown. The nucleotide numbers indicated their position in
relationship to the IL-8 promoter transcriptional initiation site. (B) AS549 cells were
transfected with various hIL-8 LUC plasmids and treated with vehicle control DMSO or
CSC and sham and RSV infected (MOI of 1). Treated and infected cells were harvested
at 6 h p.i. to measure luciferase activity measured by luminometer. Data are presented as
fold increases over control and are representative of three independent experiments.
*#p<0.01, ***p<0.001 RSV relative to RSV+CSC.
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FIGURE 7.4 CSC CO-
EXPOSURE ENHANCED RSV-
INDUCED IRF PROTEIN
ACTIVATION. (A) Nuclear
extracts were prepared from
the  following  treatment
groups in  vehicletsham
(CON), CSC+sham (CSC),
vehicletRSV ~ (RSV), and
RSV+CSC (R+C). Cells were
harvested at 6 h p.. and
nuclear extracts were used for
EMSA using used
radiolabeled oligonucleotide
corresponding to the IL-8
promoter ISRE site. For the
competition assay, an excess
of 2 pmol unlabeled wild-type
(WT) ISRE probe was
included in the binding
reactions of RSV and CSC
nuclear extracts. (B) Nuclear
extracts from treated and
infected A549 cells were
fractionated by 10% SDS-
PAGE, transferred to PVDF
membranes and incubated
with the appropriate
polyclonal primary antibody.
Proteins were detected by
enhanced chemiluminescence
and autoradiography.  (C)
Densitometric  analysis  of
protein bands from single
experiment, representative of
two independent experiments.
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FIGURE 7.5 CSC CO-EXPOSURE ENHANCED RSV-INDUCED NF-kB-DRIVEN GENE
TRANSCRIPTION. 293 cells were transiently transfected with a luciferase reporter
construct containing multiple IL-8 NF-xB binding sites. Cells were then treated with
DMSO (vehicle control) and CSC. Each treatment group was sham and RSV infected. At
various times p.i. cells were harvested to measure luciferase activity. Data are presented
as fold increases over control and are representative of three independent experiments.
**p<0.01, ***p<0.001 RSV relative to RSV+CSC
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FIGURE 7.6 CSC CO-EXPOSURE ENHANCED RSV-INDUCED NF-kB ACTIVATION. (A)
Nuclear extracts were prepared from uninfected (CON), RSV infected, CSC treated and
CSC+RSV (R+C) exposed cells at 6 and 12 h p.i. and used for EMSA using a
radiolabeled oligonucleotide corresponding to the IL-8 promoter NF-«B site. For the
competition assay, an excess of 2 pmol unlabeled wild-type (WT) and mutated (MUT)
probe was included in the binding reactions of RSV and CSC nuclear extracts. (B)
Nuclear extracts from treated and infected A549 cells were fractionated by 10% SDS-
PAGE, transferred to PVDF membranes and incubated with the appropriate polyclonal
primary antibody. Proteins were detected by enhanced chemiluminescence and
autoradiography. (C) Densitometric analysis of protein bands from single experiment,
representative of two independent experiments.
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DISCUSSION

In the past few decades, there has been increasing evidence that passive smoking
or exposure to ETS increases the incidence and severity of respiratory viral infections. In
a recent study, children of smoking parents who were hospitalized with RSV
bronchiolitis had a higher level of serum cotinine, a metabolite of nicotine and biomarker
of ETS exposure, than children of smoking parents hospitalized with non-respiratory
symptoms (5). After one month, children diagnosed with RSV bronchiolitis still had
higher cotinine levels than controls suggesting that heavy exposure to ETS may
contribute to the development of a more severe respiratory infection (5). An additional
investigation, using a neonatal mouse model of RSV infection exposed daily to cigarette
smoke, found a priming effect of smoke on RSV replication, diminished Thl, and
enhanced Th2 T-cell responses following secondary RSV infection, suggesting that
cigarette smoke exposure alters immune responses to RSV infection (182). These
investigations on the interactions between RSV and cigarette smoke indicate that
cigarette smoke exposure has the potential to modulate and exacerbate the host
inflammatory/immune response to RSV infection.

Fundamental events in RSV-induced pulmonary inflammation are thought to
involve responses of the airway epithelial cell to RSV infection. Although the
pathophysiology of RSV-induced airway disease is not clearly understood, an initial step
in RSV-induced pulmonary inflammation is the release of inflammatory chemokines
from infected epithelial cells, (13,82). IL-8 is a potent chemokine in recruiting
neutrophils and other inflammatory cells. Previous studies have shown that RSV is a
potent inducer of IL-8 secretion by airway epithelial cells (183) and that high levels of
IL-8 protein have been detected in the nasal lavage washes of children with RSV upper

respiratory infections (184). Therefore increased IL-8 chemokine expression by external
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environmental stimuli, such as cigarette smoke, could be a critical factor in modulating
the severity of RSV-induced lung disease.

In this study, we used CSC, which represents the insoluble tar and particulate
component of mainstream cigarette smoke. Cigarette smoke is a highly complex mixture
consisting of approximately 4000 chemicals distributed within the gas or particulate
phases (185). CSC, a semblance to the mixture of mainstream cigarette smoke, was used
as a feasible and readily accessible in vitro representative of cigarette smoke. CSC has
been shown to activate epithelial and immune cells and stimulate the secretion of
inflammatory mediators into the airway mucosa (42,177). Although others have noted a
stimulatory and proinflammatory effect of CSC on airway epithelial cells, there are
currently no studies that describe the influences of cigarette smoke on the responses of
human respiratory epithelial cells to RSV infection.

Our results show that CSC and RSV co-exposure led to an increase in both MCP-
1 and IL-8 chemokine gene and protein expression in airway epithelial cells. Increased
IL-8 expression was due to enhanced promoter activation following RSV and CSC co-
exposure. IL-8 promoter deletion and mutation analysis identified the region between -
162 nt and -132 nt as a critical regulatory region contributing to the synergistic
transcriptional activation of the IL-8 promoter. We have previously shown that this
region contains an ISRE binding site which is as an important regulatory site for IL-8
gene transcription not only in response to RSV infection, but also to other stimuli such as
H. pylori and hepatitis C virus, (186-187). Co-exposure of a promoter containing a single
nucleotide mutation of the ISRE site (-162M IL-8) failed to enhance IL-8 promoter
activation, in comparison to RSV stimulation alone. Similarly, co-stimulation of the -132
nt [L-8 promoter, which lacks the ISRE site, resulted in a loss of synergistic induction of

promoter activation. On the other hand, the presence of multiple copies of the (ISRE)
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upstream an inert IL-8 promoter, restored the enhanced IL-8 promoter activation
observed in response to CSC and RSV co-exposure. In agreement with the promoter
studies, we found that CSC and RSV co-exposure enhanced nuclear translocation and
DNA binding of IRF proteins, which are known to bind to the IL-8 promoter ISRE site.
Although IL-8 transcriptional regulation is modulated by a variety of transcription
factors including IRF proteins, NF-«xB is essential for IL-8 gene expression in response to
all different kind of stimuli. NF-kB has been shown to regulate IL-8 gene expression in
response to cigarette smoke alone and to RSV (23,42). Our gene reporter studies, using
multimers of the IL-8-NF-«kB site showed that, while CSC alone did not strongly induce
NF-kB-driven gene transcription, a heightened response was observed with CSC and
RSV co-stimulation. Furthermore, CSC and RSV co-stimulation enhanced nuclear
translocation and DNA binding of NF-kB proteins, suggesting that CSC likely enhanced
RSV-induced IL-8 promoter activation also by contributing to NF-kB activation. The
lack of an effect of CSC stimulation alone on NF-kB activation observed in our study is
in agreement with a previous study showing that cigarette smoke plays a more important
role in inducing NF-kB activation in normal cells compared to cancerous cell lines, (42).
Both RSV and CSC when treated independently of each other have been shown to
induce oxidative stress in airway epithelial cells (29,188). We have reported that NF-«B
is a redox sensitive transcription factor (189) that RSV —induced IRF-1, and -7 are redox
sensitive (29) Therefore, the generation of ROS induced by RSV and CSC co-exposure
could serve as a plausible common mediator of transcriptional changes induced by RSV
and CSC. Further studies include examining the role of ROS in chemokine expression
during co-exposure with the aim of determining whether antioxidant treatment

attuenuates chemokine expression and inflammation.
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Differential levels of IL-8 gene expression are likely to play an important role in
the pathogenesis of RSV-induced lung disease, as recently shown by the association of
single gene polymorphisms of the IL-8 promoter with increased disease severity in
children with RSV infection, (190)(191). The finding that ETS exposure contributes to
the severity of RSV LRTI, (172), could in part be explained by a priming effect of smoke
on RSV-induced secretion of proinflammatory mediators by infected airway epithelial
cells, which results in enhanced pulmonary inflammation. More studies are needed to
fully elucidate the mechanism by which ETS enhances the severity RSV-induced disease,
such information could reinforce efforts aimed at reducing ETS exposure in infants
particularly, in households were the primary caretakers are smokers. Minimizing the risk
of ETS exposure could also potentially decrease the long-term consequences of RSV

infection, such as development of asthma.
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CHAPTER 8: CONCLUSION

RSV-induced lung inflammation is mediated by the expression of a number of
inflammatory mediators particularly chemokines. Therefore, it is important to understand
the molecular mechanisms involved in RSV-induced inflammatory gene expression, in
order to develope novel therapeutic strategies for the treatment of viral-induced lung
inflammation. A unifying question for all of the studies conducted either in vitro or in
Vivo was the mechanism by which RSV induced inflammatory mediators. Experiments in
chapters 2-4 addressed the first part of the primary hypothesis that a role for ROS in the
pathogenesis of RSV lung injury is the inducing of inflammatory gene expression.

Major observation included evidence that RSV-induced activation of IRF -1 and -
7 gene expression involve the redox sensitive activation of STAT transcription factors,
and that treatment with the antioxidant specifically BHA blocked RSV-induced IRF
activation by inhibiting STAT activation. BHA blocked RSV-induced STAT
phosphorylation, nuclear translocation, and DNA-binding to IRF-1 and -7 promoters
which suggests that RSV-induced STAT activation is ROS dependent. The NAD(P)H
oxidase inhibitor DPI also blocked RSV-induced STAT activation which further supports
a role for ROS likely produced through the NAD(P)H oxidase system, in STAT
activation. We also found that RSV inhibited tyrosine phosphatases and that antioxidant
treatment restored tyrosine phosphatase activity which indicates that tyrosine
phosphatases are redox sensitive regulators of STAT proteins.

Experiments, in chapter 3 revealed that ROS played a major role in the activation

of IRF-3. Treatment with a broad range of antioxidants specifically BHA and NAD(P)H
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oxidase inhibitors blocked RSV-induced IKKe expression, IRF-3 serine phosphorylation,
and RANTES secretion identifying this pathway as redox-sensitive. In this study a novel
observation was made that RSV-induced ROS generation was responsible for IKKe
activation. This observation identified a new molecular target for strategies aimed to
attenuate inflammatory responses associated with RSV infection.

Experiments for chapter 4, tested the second part of the primary hypothesis that
RSV infection induces the condition of oxidative stress in the airway mucosa. We
obtain the first documentation of RSV-induced oxidative stress in the lung, as indicated
by elevated levels of the lipid peroxidation products MDA and 4-HNE in the BAL of
RSV infected mice. Although BHA treatment had previously been reported to reduce
cellular signaling events leading to inflammatory gene expression, it was not known
whether attenuation of ROS production by antioxidant treatment would be of clinical
benefit. We found that treatment with BHA decreased RSV-induced lipid peroxidation
and ameliorated RSV induced body weight loss and clinical illness. BHA treatment also
significantly reduced the levels of RSV-induced secretion of chemokines, cytokines, and
immuno-modulators in the lung. We also found that antioxidant treatment attenuated
RSV-induced airway hyper-responsiveness which could have been mediated by the
observed reduction in leukotriene C4 secretion. Our conclusion is that the ability of
antioxidants to attenuate the symptoms and pathology of RSV infection warrants further
investigation. Antioxidants could provide a novel therapeutic approach to ameliorating
RSV-induced acute Ilung inflammation and potentially prevent the long term

consequences associated with RSV infection, such as bronchial asthma.
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However, BHA treatment of acute RSV infection in the mouse model also
increased RSV viral yield in the lung. Therefore, to address this negative side effect we
investigated the effects of combining BHA with the potent antiviral IFN-o based on prior
reports from our lab that postinfection treatment with IFN-o decreased RSV replication
in the lung (35). Our experiments demonstrated for the first time that combination
therapy, with an antioxidant and antiviral, alleviated symptoms associated with the onset
of RSV infection including body weight loss. In addition, combination therapy was more
effective than BHA alone in attenuating RSV-induced illness score, inflammation and
viral titer. Thus, BHA and post-infection administration of IFN-a delayed an already
launched inflammatory cascade, alleviated the severity of RSV-induced acute lung
disease and prevented further RSV replication.

Experiments for chapter 6 produced the novel findings that RSV is a potent
inducer of PARP enzymatic activity in vivo and that pharmacological inhibition with of
PARP with INO-1001 abolished RSV-induced PARP activity and attenuated the release
of pro-inflammatory mediators, cellular influx into the airways, and reduced lung
inflammation. Further studies on the protective role of PARP inhibition of RSV-induced
acute lung inflammation could substantiate PARP as a therapeutic target for ameliorating
RSV-induced lung disease.

Experiments for chapter 7 were designed to investigate the potentially synergistic
effects of cigarette smoke condensate and RSV on chemokine expression in airway
epithelial cells. Results indicated that CSC and RSV co-exposure synergistically induced

IL-8 and MCP-1 chemokine gene expression and protein secretion. Investigation into the
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mechanism by which CSC increased RSV-induced IL-8 gene expression identified the
ISRE and NF-«xB site of IL-8 promoter, as a critical regions responsible for the
synergistic increase in IL-8 gene transcription through enhanced activation of redox
sensitive transcription factors IRF-1, -7, and NF-kB. A recent study showed that low
concentrations of CSC (lug/ml) did not significantly induce ROS or alter cell viability,
however higher concentrations of 10ug/ml led to a significant increase in ROS production
and decreased GSH/GSSG ratio, a marker of oxidative stress (192). We have found that
RSV also induced a number of oxidative stress parameters in A549 cells (193). Therefore
future studies involve a dose and time dependent investigation of CSC and RSV to
determine whether CSC enhances RSV-induced chemokine expression by further
stimulating ROS production or by altering intracellular redox status. Our findings
demonstrate that a combined exposure to CSC and RSV synergistically increased
chemokine expression in airway epithelial cells, which suggests that CSC enhances the
exuberant immune response to RSV by stimulating overlapping signal transduction
pathways for the release of pro-inflammatory chemokines. Therefore, prevention efforts
aimed at decreasing cigarette smoke exposure in infants could ultimately decrease the
severity of RSV-induced lung disease.

Collectively from the studies of this dissertation, we make the following
conclusions: 1) RSV-induced ROS serve as signaling molecules for several signal
transduction cascades that lead to inflammatory gene expression. 2) Identification of
redox-sensitive pathways involved in RSV-stimulated chemokine gene expression

revealed numerous therapeutic targets which we demonstrated to be easily abrogated by
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antioxidant administration. 3) RSV infection enhanced intracellular ROS production in
airway epithelial cells and also induced the condition of oxidative stress in the airway
mucosa of the lung. 4) Antioxidant administration diminished RSV-induced oxidative
stress responses in the lung, significantly improved the severity of disease and reduced
pulmonary inflammation, but enhanced viral load in the lungs. 5) Combining the
antioxidant with the antiviral IFN-a had the increased benefit of diminishing viral load
which suggests that combination therapy could be a more effective treatment for acute
RSV infection. 6) Novel observation about the beneficial effects of inhibiting the
oxidative activation of PARP during RSV infection, identified a new target to mediate
RSV-induced inflammation. Co-exposure with CSC heightened the release of RSV-
induced chemokines, which suggests a mechanism by which this environmental pollutant
potentiates RSV lung inflammation; the foremost process in the pathogenesis of RSV
induced disease. Together these studies identified new areas of therapeutic intervention
that have yet to be clinically explored. This is clinically relevant since RSV infection is
pervasive and persistent, lacks of an effective vaccine, and is associated with appreciable

morbidity and mortality, particularly in infants and the elderly.
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