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Respiratory Syncytial Virus—Induced Activation of Nuclear
Factor—«B in the Lung Involves Alveolar Macrophages
and Toll-Like Receptor 4—-Dependent Pathways

Helene A. Haeberle,"* Ryuta Takizawa,'
Antonella Casola,' Allan R. Brasier,”
Hans-Juergen Dieterich,’ Nico van Rooijen,’
Zoran Gatalica,’ and Roberto P. Garofalo'*

Departments of 'Pediatrics, *Medicine, *Pathology, and *Microbiology
and Immunology, The University of Texas Medical Branch, Galveston;
*Department of Cell Biology and Immunology, Vrije University,
Amsterdam, The Netherlands; °Department of Anesthesiology,
Universitdtsklinikum, Tiibingen, Germany

The transcription factor nuclear factor (NF)-«B controls the expression of numerous re-
spiratory syncytial virus (RSV)-inducible inflammatory and immunomodulatory genes. Using
a BALB/c mouse model, the present article shows that RSV potently and specifically activates
NF-«B in vivo, a process that involves nuclear translocation of the subunits RelA, p50, and
c-Rel in the lung. By depletion of alveolar macrophages (AMs) in BALB/c mice and use of
C3H/HeJ mice lacking a functional Toll-like receptor (TLR)—4 signaling pathway, we dem-
onstrate the existence of distinct but sequentially integrated RSV-inducible early NF-«B re-
sponses in the lung. The first response occurs early after RSV inoculation, is AM and TLR4
dependent, and is viral replication independent, whereas the second response involves epi-
thelial cells and/or inflammatory cells, is TLR4 independent, and requires viral replication.
NF-«B may be considered a central activator of not only inflammatory but also innate immune

responses to RSV.

Respiratory syncytial virus (RSV), the major cause of serious
lower respiratory tract infections in infancy and early childhood
[1], can be considered among the most potent biological stimuli
inducing the expression and/or secretion of proinflammatory and
immunomodulatory mediators [2-4]. These events have been ex-
tensively demonstrated in airway epithelial cells, the primary site
of RSV replication, and in other cell types that are targets of
abortive viral replication or viral attachment only (such as mono-
cytes/macrophages, eosinophils, and neutrophils). In vitro, RSV
has been shown to induce expression of a number of genes in
epithelial cells and macrophages, including the cytokines inter-
leukin (IL)-1 [5], tumor necrosis factor (TNF)—a, IL-6 [6], and
IL-10 [7]; the CXC chemokines IL-8, growth-related oncogene
(GRO)—q, epithelial-derived neutrophil-activating protein (ENA)-
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78, interferon (IFN)-inducible protein (IP)-10, and I-TAC (IFN-
inducible T cell a-chemoattractant) [4, 6, 8]; the CC chemokines
RANTES, macrophage inflammatory protein (MIP)-1c, mac-
rophage chemoattractant protein (MCP)-1, and TARC (thymus-
and activation-regulated chemokine) [4, 9, 10]; the CX,C che-
mokine fractalkine [4]; and IFN-g3 [11]. The expression of the
membrane-associated adhesion and antigen-processing molecules
intercellular adhesion molecule-1 [5, 12], major histocompati-
bility complex—I [11], and transporter associated with antigen
presentation 1 (TAP-1)/low-molecular-mass protein (LMP)-2/
LMP-7 [13] are also strongly induced after RSV infection in
epithelial cells. Studies in experimental animal models and in
human infants with naturally acquired infection have confirmed
that production of many of these gene products, and others not
yet described in vitro, is strongly induced or up-regulated in the
airway mucosa during RSV infection, and some of them seem
to play a crucial role in the pathogenesis of lung pathologic
disorders and in the severity of clinical disease [14-18].

A number of highly inducible genes encoding cytokines, che-
mokines, and acute-phase reactant and adhesion molecules con-
tain NF-kB-binding sites in their proximal promoters [19]. NF-
kB constitutes a family of inducible transcription factors that
include the potent RelA (p65) transactivator, RelB, c-Rel, NF-
kB1 (p50), and NF-kB2 (p52) subunits. The prototypical NF-
kB complex, composed of p50-p65 heterodimers, is regulated
by its association with a family of cytoplasmic inhibitors, IxBs,
whose members bind and specifically inactivate NF-kB mem-
bers by masking their nuclear localization sequence (NLS) and
preventing nuclear translocation [20]. Extracellular stimuli in-
itiate a signaling cascade that leads to rapid phosphorylation
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of IkBa by 2 1«B kinases (IKK), IKK« and IKKf, at specific
N-terminal serine residues. This event is coupled to the rapid
ubiquitination and proteolytic degradation of phosphorylated
IkBa through the 26S proteasome, thereby exposing the NLS
and freeing NF-«B to translocate to the nucleus, where it binds
and activates target genes [21]. We and others have shown that
RSV induces NF-«B activation (translocation) in epithelial cells
[22-24] through a mechanism that involves proteolysis of RelA-
associated IkBa [25, 26] and a dual pathway that involves the
26S proteasome [25] and activation of the IKK complex (au-
thors’ unpublished data). Mutations of the NF-xkB-binding site
or inhibition of its translocation have been shown to completely
abrogate RSV-inducible expression of the IL-8 and RANTES
genes [22, 27, 28].

Here, using an experimental mouse model, we demonstrate
that RSV infection activates the NF-kB pathway in vivo. Of
interest, we show that, at the earliest time points after inocu-
lation, RSV is able to induce NF-xkB-binding activity in the
lung independently from its ability to replicate. Finally, we dem-
onstrate the crucial role that alveolar macrophages (AMs) and
the Toll-like receptor (TLR)-4 play in the process of NF-xB
activation, which suggests a link between the process of viral
pathogen recognition and NF-kB-mediated initiation of innate
immune and inflammatory responses.

Materials and Methods

RSV preparations.  The human long strain of RSV (A2) was
grown in Hep-2 cells (American Type Culture Collection) and pu-
rified by polyethylene glycol precipitation, followed by centrifu-
gation on 35%-65% discontinuous sucrose gradients, as described
elsewhere [10]. The virus was aliquoted, quick frozen, and stored
at —70°C until used. Virus titer was determined by a methylcel-
lulose plaque assay [29]. Purified RSV (pRSV) was UV-inactivated
(UV-pRSYV), as described elsewhere [10], and lack of viral repli-
cation was confirmed by the methylcellulose plaque assay. pRSV
and UV-pRSV preparations were tested and found to be free of
contaminating cytokines, including IL-1, IL-6, IL-8, TNF-c, gran-
ulocyte-macrophage colony-stimulating factor, and IFNs [30].
Crude, nonpurified RSV (cRSV) was grown in confluent mono-
layers of HEp-2 cells, harvested, clarified by centrifugation, and
stored at —70°C until used [11]. Uninfected control HEp-2 cell
lysates were obtained from confluent cell monolayers, clarified by
centrifugation, and stored at —70°C. Viral and cellular preparations
were routinely tested for mycoplasma contamination by polymer-
ase chain reaction analysis and were used if they had <0.125 EU/
mL endotoxin (by Limulus assay; BioWhittaker).

Mice and infection protocol. ~ BALB/c (Harlan) and C3H/HeJ
and C3H/HeSnJ mice (Jackson Laboratory) were housed in path-
ogen-free conditions in the animal research facility of the University
of Texas Medical Branch, Galveston. Under light anesthesia, mice
were inoculated intranasally (inl) with either 10 or 50 uL of pRSV
(final inoculum, 107 pfu) diluted in PBS. In preliminary experi-
ments, these 2 volumes of RSV inoculum gave similar patterns of
response; therefore, the 50-uL volume was selected in all subsequent
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experiments [31]. Control mice were sham-inoculated with 50 uL
of PBS. At the indicated time points after infection, mice were
anesthetized with an intraperitoneal injection of ketamine and xy-
lazine before the thoracic cavity was opened. Mice were exsan-
guinated via heart puncture, and their tracheas were opened by
incision of the cricothyroid membrane. To collect bronchoalveolar
lavage (BAL) fluid, the lungs were flushed twice with ice-cold sterile
PBS (0.8 mL). Lungs were then removed for the extraction of
nuclear proteins.

Extraction of lung nuclear proteins and electrophoretic mobility
shift assay (EMSA). Lung tissue was quick-frozen in liquid ni-
trogen immediately after removal from the thoracic cavity. Nuclear
proteins were isolated from the lung tissue using a modification of
the method described by Bohrer et al. [32]. Lung tissue was ho-
mogenized in 5 mL of ice-cold buffer A (10 mM Hepes-KOH [pH
7.9], 1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithiothreitol [DTT],
0.2 mM phenylmethylsulfonyl fluoride [PMSF], and 0.6% NP-
40) for 1 min. After removal of cell debris by centrifugation (350
g at 4°C for 30 s), the supernatant was kept on ice for 5 min and
centrifuged for 5 min at 6000 g at 4°C. Cytoplasmic proteins in
the supernatant were collected and quick-frozen, and the pellet was
resuspended in 200 pL of buffer B (10 mM Hepes-KOH [pH 7.9],
1.5 mM MgCl,, 10 mM KCl, 1.2 M sucrose, 0.5 mM DTT, and
0.2 mM PMSF). After centrifugation (13,000 g at 4°C for 30 min),
the supernatant was discarded, and the pellet was resuspended in
100 uL of buffer C (20 mM Hepes-KOH [pH 7.9], 1.5 mM MgCl,,
420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 2
mM benzamidine, 5 mg/mL leupeptin, and 25% glycerol). After
incubation on ice for 20 min, the cellular debris was removed by
centrifugation (6000 g at 4°C for 2 min), and the supernatant was
quick frozen in aliquots at —80°C. Nuclear proteins were normal-
ized by protein assay (Protein Reagent; Bio-Rad) and used to bind
to duplex oligonucleotides corresponding to the RANTES NF-
kB-1 binding site (wt) or mutated (Mut) under conditions described
elsewhere [22]. The sequence of the wt oligonucleotide was 5-GAT-
CCATTTTGGAAACTCCCCTTAT-3 and 3-TAAAACCTTTG-
AGGGGAATATCTAG-5. The sequence of the Mut oligonu-
cleotide was -GATCCATTTTGGcAcCTtaaCgTAT-3'and 3'-TA-
AAACCgTgGAattGcATATCTAG-5 (mutations are indicated by
lowercase letters). In brief, DNA-binding reactions contained 10
pg of nuclear proteins, 6% glycerol, 5 mM Hepes-KOH, 100 mM
NaCl, 0.4 mM MgCl, 0.05 mM EDTA, 1 ug of poly dA-dT, and
40,000 cpm of **P-labeled double-stranded oligonucleotide in a to-
tal volume of 40 uL. The nuclear proteins were incubated with the
probe for 20 min at room temperature before they were fractionated
on a 6% nondenaturing PAGE in TBE buffer (22 mM Tris-HCI,
22 mM boric acid, and 0.25 mM EDTA [pH 8.0]). Gels were dried
and exposed for autoradiography using Kodak XAR films at
—70°C. In competition assays, 2 pmol of unlabeled wt or Mut
RANTES NF-«kB-1 oligonucleotides were added at the same time
the probe was added. For supershift assay, 1 pL of preimmune
serum (PI), rabbit IgG anti-p50 (NF-kB1), anti-p65 (RelA), anti-
p52 (NF-kB2), anti-RelB, or anti-cRel (Santa Cruz Biotechnology)
was added to the binding-reaction mixtures, and the reactions were
continued for an additional 12 h at 4°C prior to fractionation by
PAGE. Gels were dried and exposed for autoradiography at —70°C
overnight or for 24 h (for supershift assay). As indicated, NF-
kB-binding complexes were quantified by optical densitometry
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Figure 1. NF-«B activation in the lungs of respiratory syncytial virus
(RSV)-infected mice. 4, BALB/c mice were sham-infected, infected
with purified RSV (pRSV), or inoculated with lipopolysaccharide (LPS;
1 ng/50 pL). Mice were killed 24 h after treatment, and nuclear proteins
extracted from the lungs were used for electrophoretic mobility shift
assay (EMSA; with double-stranded RANTES NF-«kB-1 oligonucle-
otide probe). The figure shows NF-«B binding complexes of represen-
tative sham-infected (lane 2), RSV-infected (lanes 3, 5, 6, and 7), or
LPS-inoculated mice (lane 4) (n = 4 mice/group). Lane 1, Free probe
(no nuclear proteins added). Sequence specificity of the detected com-
plexes was determined by competition assays (Comp.), in which 2 pmol
of unlabeled wild-type (WT; lane 6) or mutated (Mut; lane 7) oligo-
nucleotides were included in the binding reaction with lung nuclear
proteins from RSV-infected mice (the lower bands in lanes 5 and 7 are
due to partial degradation during the isolation of nuclear proteins and
indicate fragmented NF-«kB proteins bound by the RANTES probe).
+, Positive; —, negative. B, EMSA showing representative NF-xB bind-
ing complexes of lung nuclear extracts from mice (n = 4 mice/group)
infected for 5 and 7 days with pRSV or sham-inoculated (Sham).

(measured with an Alphalmager 2200 optical densitometer; Alpha
Innotech).

Depletion of AMs. ~AM depletion in mice was achieved by
intratracheal and inl administration of 120 uL total of a liposome-
encapsulated clodronate suspension (dichloromethylene-bisphos-
phonate [CLMBP]; a generous gift of Roche Diagnostics), a pro-
cedure that results in the apoptosis of AMs [33-35]. Under light
anesthesia, mice were injected with C,MBP liposomes or control
PBS liposomes 2 days prior to RSV infection. Optimal conditions
of AM depletion were determined by differential counting of BAL
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cells and by staining of lung-tissue sections with fluorescein iso-
thiocyanate-labeled F4/80 monoclonal antibody (MAD) (Serotec).

Statistical analysis. ~ Statistical analysis was carried out using
the SigmaStat 3.0 program (Jandel). The data were analyzed by
Wilcoxon test and analysis of variance for multiple comparisons.

Results

Activation of NF-kB in the lung by RSV.  The activation of
NF-«B in the lung was determined by EMSA of nuclear extracts
from lung tissue of pRSV-infected 4-6-week-old BALB/c mice
(24 h). Control animals were inoculated inl with 1 pg/50 uL
lipopolysaccharide (LPS) (Escherichia coli strain O111:B4;
Sigma), a known activator of NF-«B, or with PBS. A low level
of NF-kB DNA-binding activity was detected in lung nuclear
protein extracts of PBS-inoculated animals (figure 14, lane 2).
Note that the intensity of the NF-xkB-binding complex may
slightly vary among experiments, individual animals, and length
of the autoradiography exposure. Nuclear activity of NF-xB
dramatically increased in the lungs of pRSV-infected mice (fig-
ure 14, lane 3), as well as in those of LPS-inoculated animals
(figure 14, lane 4). Sequence specificity of the nuclear protein
DNA-binding complex was confirmed by competition with un-
labeled oligonucleotides in the EMSA. Competition assays with
either unlabeled oligonucleotide RANTES wt or RANTES
Mut, an oligonucleotide that contained a mutation of the NF-
kB contact points, were added together with the radiolabeled
RANTES wt probe. As shown in figure 14, the RANTES wt
probe was able to completely compete for the binding of the
RSV-inducible complexes, whereas the Mut probe failed to
compete (compare lanes 5, 6, and 7). To examine the activation
of NF-«B in the lung at later time points during the course of
infection, pRSV-infected mice were killed at days 5, 7, 11, and
21, and the lung nuclear protein extracts were tested by EMSA.
As shown in figure 1B, NF-kB-binding activity was clearly
detectable at days 5 and 7, whereas it was no longer detectable
at days 11 and 21 after infection (data not shown).

To determine whether NF-«B activation was specifically due
to RSV and to exclude the confounding effect of cell-derived
factors potentially present in the purified viral preparations,
we performed the following control experiments. Groups of
BALB/c mice were inoculated inl side by side with 50 uL of
pRSYV, cRSV (i.e., lysate/supernatant of RSV-infected Hep-2
cells not sucrose-gradient purified), lysate/supernatant of un-
infected HEp-2 cells, PBS, or 70% sucrose (used for preparation
of pRSV). As shown in figure 24 and 2B, both pRSV and
cRSV remarkably induced NF-xB DNA-binding activity in the
lung. On the other hand, PBS, uninfected HEp-2 cell lysates,
and sucrose had no significant effect on NF-«B activation (fig-
ure 2A). These results suggest that the effect on lung NF-«B
activation that we observed with both RSV preparations (pRSV
and cRSV) was specifically due to the virus. Thus, because the
use of the different control preparations gave similar results,

2202 1snbny 0z uo 1sanb Aq 81 /6£6/661L L/6/98 L /8[014e/pil/woo dno-olwepeoe//:sdiy wou) papeojumoq



1202 Haeberle et al.

A
Sham Hep-2 cRSV pRSV Sucrose
B
12
E *k k%
w 10 4
re oL
2 5 g | 7
s B /
m @
¥ B
IJ'-. g 6 /
“ 2
& 41 /
o
= %
2 - <
Sham cRSV pRSV
Figure 2. Role of viral preparation in respiratory syncytial virus

(RSV)-induced NF-«B activation. 4, Electrophoretic mobility shift as-
say (EMSA) showing representative NF-kB complexes of lung nuclear
protein extracts from mice inoculated intranasally with PBS (Sham),
uninfected HEp-2 cell lysate, crude RSV (cRSV), purified RSV (pRSV),
or 70% sucrose (all at 24 h). B, Densitometry analysis of NF-kB—
binding complexes (mean = SE; n = 4-13 animals/group). **P < .001,
vs. sham-infected animals.

subsequent studies were performed with PBS-inoculated con-
trol animals (referred to hereafter as “sham-infected”).
Identification of nuclear NF-kB subunits in RSV-infected lung
tissue.  We and others have shown that increased NF-«B
DNA-binding activity in RSV-infected lung epithelial cells in
vitro [22-24, 26] is associated with the simultaneous increase in
nuclear abundance (i.e, nuclear translocation) of the potent NF-
kB transcriptional subunit RelA, as well as the subunits p50 and
c-Rel [22, 25]. Thus, the profile of NF-«kB subunits in RSV-in-
fected lung was examined by determining whether the induci-
ble complexes in the EMSA cross-reacted with antibodies spe-
cific for various NF-xB subunits (i.e., supershift assay). In this
assay, the presence of small amounts of individual NF-«xB fam-
ily members can be detected by the presence of a supershifted
band, representing an antibody-protein-DNA complex, or by the
reduction or disappearance of the protein-DNA complex. For
the purposes of the present study, lung nuclear protein extracts
were isolated from mice that had been inoculated with RSV for
0.5, 6, and 24 h. As shown in figure 3, an NF-xkB-binding com-
plex was detectable in lung nuclear protein extracts as early as
0.5 h and later at 6 and 24 h after RSV inoculation (figure 3,
lane PI). The addition of anti-p50 (NF-«kB1) and anti-cRel an-
tibodies consistently supershifted and caused a reduction or dis-
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appearance of the RSV-inducible complex from lung extracts
obtained at different time points after infection (figure 3; super-
shifted bands are indicated by arrowheads). On the other hand,
anti-p52, -RelB, and -RelA antibodies did not produce a super-
shifted band. We noticed, however, that the anti-RelA antibody
slightly reduced the formation of the RSV-induced complex in
lung nuclear protein extracts from mice infected for 6 h, sug-
gesting its presence in the DNA-protein complex. Nuclear trans-
location (i.e., activation) of the RelA subunit was confirmed by
more-extensive immunofluorescence studies in frozen sections of
the lung, using specific antibodies that recognize p65/RelA pro-
teins (authors’ unpublished data). These data confirm that RSV
infection causes changes in the subcellular distribution of the
NF-xB subunits cRel, p50, and RelA in RSV-infected lungs.

Involvement of AMs in NF-kB activation by RSV.  The brisk
activation of NF-kB by pRSV seen in our experiments as early
as 30 min—1.5 h after inoculation suggests that these early events
in the lung may occur independently of viral replication. To
address this question, mice were injected with either pRSV (107
pfu) or UV-RSV (prepared from the same pRSV pool, identical
volume of inoculum [50 uL], and total protein concentration).
Lack of viral replication in the UV-RSV preparation was de-
termined by a plaque assay. As shown in figure 4, inoculation
with both pRSV and UV-RSV resulted in rapid activation of
NF-«B in lung tissue at 1.5 h (figure 44, lanes 3-7, and 4B).
Macrophages have been shown elsewhere in vitro to express a
number of inducible NF-«kB-dependent genes when exposed to
both replicating and inactivated RSV [6, 36]. Thus, to determine
whether macrophages were the source of activated lung NF-
kB during this early response, AMs were depleted by injecting
BALB/c mice with Cl,MBP liposomes prior to RSV inocula-
tion. This treatment resulted in a >70% reduction in the number
of AMs (RSYV, 84% + 3%; RSV/CI,MBP liposomes, 25% =+
3%) up to 48 h posttreatment, as determined by differential
counts and staining with a cell-specific MAb and in agreement
with other reports [37]. Depletion of AMs by Cl,MBP lipo-
somes greatly reduced or abolished lung NF-«B binding in re-
sponse to intact RSV, as well as UV-RSYV, at 1.5 h after virus
inoculation (figure 44, lanes 8—12, and 4B).

At 24 h, we observed a decrease in the intensity of NF-xB
binding complexes and in the number of responding animals
after UV-RSV inoculation, compared with intact, replicating
pRSV (figure 54, lanes 3-7, and 5B). Although the difference
in NF-«B binding activity did not reach statistical significance,
it was consistent across separate experiments. Of interest, AM
depletion had a negligible effect on NF-«B activation seen 24
h postinoculation with either intact RSV or UV-RSV (figure
SA, lanes 8—12, and 5B). These results suggest that (1) AMs
are a major source of lung NF-kB response to RSV at the
earliest time points and that this response does not require viral
replication and (2), in addition to the macrophagic population,
other tissue-resident cells (such as epithelial cells) or inflam-
matory/immune cells that are recruited to the lung [14] are likely
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Figure 3. Identification of NF-«B subunits in lung tissue of respiratory syncytial virus (RSV)-infected mice by electrophoretic mobility shift
assay (EMSA) supershift. Mice were infected with RSV. At 0.5, 6, and 24 h after infection, extracted lung nuclear proteins were used for the
EMSA in the presence of the following antibodies: preimmune serum (PI), rabbit IgG anti-p50 (NF-xB1), anti-p52 (NF-xB2), anti-p65 (RelA),
anti-RelB, and anti—c-Rel. By supershift, the NF-«kB subunits p50 and c-Rel were identified in lung nuclear protein extracts (arrowheads). At the
6-h time point, a reduction of the protein-DNA complex in the presence of anti-RelA can be seen (compare lanes PI and RelA). *, Nonspecific

band. Results are representative of 9 mice/time point.

to become a preponderant component of the lung NF-«B re-
sponse starting at 24 h after RSV inoculation.

Role of TLR4 in RSV-induced NF-kB activation. ~ Two studies
have recently shown that TLR4 may be involved in the innate
response to RSV [38, 39]. RSV F glycoprotein stimulates cyto-
kine production by monocytes via TLR4, and indirect evidence
in vitro has suggested that TLR4 may be involved in RSV
F-mediated NF-«B activation [38]. Therefore, we examined the
role of TLR4 in RSV-induced NF-«B activation in the lung. C3H/
HelJ mice have a spontaneous point mutation in the intracellular
domain of TLR4 [40] and a profound defect in IL-6 production
by macrophages in response to RSV F protein [38]. C3H/HeJ
and control C3H/HeSnJ mice (with intact TLR4 signal pathways)
were inoculated with pRSV (1 X 107 pfu) or UV-RSV or were
sham-inoculated, and lung nuclear protein extracts were tested
by EMSA at 1.5 and 24 h. In C3H/HeJ mice, neither intact RSV
nor UV-RSV was able to induce a sizable NF-kB DNA-binding
activity response at 1.5 h, whereas, in C3H/HeSnJ mice, both
viral preparations induced a robust NF-«B response (figure 6,
upper panels). At 24 h, however, only intact pRSV appeared to
be able to activate lung NF-«B in C3H/HelJ mice, whereas both
pRSV and UV-RSV induced NF-«B binding activity in control
C3H/HeSnJ mice (figure 6, lower panels). Similarly, macrophage-
enriched splenocytes isolated from C3H/HeJ mice did not show,
in most of the experimental conditions, NF-«kB binding in re-
sponse to in vitro stimulation with sham, pRSV, or UV-pRSV
preparations. On the other hand, cells obtained from control
C3H/HeSnJ mice were able to respond to pRSV or UV-pRSV
stimulation by activating NF-«kB (H.A.H., personal observation).

Discussion

Lower respiratory tract infections caused by RSV are char-
acterized by profound inflammation of the airway mucosa,
which contributes to disease manifestations, including air flow
limitation, lung atelectasis/emphysema, and hypoxemia [41].
Significant advances in our understanding of the mechanisms
that mediate RSV-induced inflammation have derived from de-
tailed gene promoter analysis, which has mainly been conducted
in lung- or bronchial-derived epithelial cell lines. These studies
have clearly proved that NF-«B is the “master switch” that
controls the expression of numerous RSV-inducible genes [22,
24, 27, 28]. Recently, using high-density oligonucleotide mi-
croarray analysis of a tightly regulated expression system con-
trolling expression of a nondegradable isoform of the IkBa
inhibitor, we have been able to identify ~380 genes that are
controlled by NF-kB in RSV-infected cells [42]. Despite this
solid in vitro evidence, the in vivo signaling and transcriptional
pathways that mediate airway mucosa inflammation in RSV
or other respiratory viral infections are still largely unknown.

In the present study, using an experimental mouse model, we
present the first direct evidence that RSV activates NF-«B in the
lungs (figure 14). RSV-inducible NF-kB-binding activity occurs
rapidly after viral inoculation, persists in the lung tissue for at
least 7 days after infection, and is no longer detectable 11 days
after inoculation (figure 1B), when the virus is cleared from the
lung [14, 31, 43]. The lack of NF-kB-binding activity in the lung
after inoculation with control preparations, such as the extracts
of the uninfected cells that are routinely used to grow RSV, argues
in favor of the specificity of viral components in the activation
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Figure 4. Role of replicating virus and alveolar macrophages (AMs)
in lung NF-«kB activation (1.5 h). Mice were inoculated with PBS
(Sham), purified respiratory syncytial virus (pRSV), or UV-inactivated
pRSV (UV-pRSV) or were depleted of AMs by liposome treatment
prior to inoculation with pRSV (LIP/pRSV) or with UV-RSV (LIP/
UV-pRSV). 4, At 1.5 h after inoculation, lung nuclear proteins were
used for electrophoretic mobility shift assay, as described in figure 1.
The figure is a representative experiment of 3 independent experiments
with sham- (n = 12 mice), RSV- (n = 12 mice), UV-RSV- (n = 10
mice), and liposome-treated mice (LIP/pRSV [n = 7 mice] and LIP/
UV-pRSV [n = 7 mice]). B, The bar graph shows the quantification
(mean = SE) of the NF-xkB-binding complexes. **P < .001, vs. pRSV-
infected mice; P < .05, vs. UV-pRSV-inoculated mice.

of this pathway (figure 2). Previous studies by us and others have
demonstrated increased NF-kB DNA-binding activity in cul-
tured lung epithelial cells after RSV infection [22-24, 26]. We
have also shown by subcellular fractionation, Western immu-
noblot analysis, and immunofluorescence that one mechanism
for the RSV-enhanced activation of NF-«B binding in epithelial
cells is through cytoplasmic nuclear translocation of the subunits
p50, c-Rel, and RelA [22], all of which were detectable in the
lung DNA-nuclear protein complexes (figure 3) [25]. Although
the cellular source of activated NF-«xB cannot be precisely iden-
tified by EMSA, immunofluorescence studies performed 24 h
after inoculation suggested that epithelial cells represent a sig-
nificant component of NF-kB activation by RSV (authors’ un-
published data). Nonetheless, in other models of acute lung injury
and inflammation, AMs have been shown to be required for NF-
kB activation in the lung [44, 45]. Indeed, 2 observations in our
study suggest that AMs are critically involved in the earliest phase
of lung response to RSV (figures 4 and 5). First, the rapid ap-
pearance of NF-kB-binding activity after inl inoculation of RSV
did not require intact replicating virus. In this regard, activation
of transcription factors or inducible expression of cytokine genes
in epithelial cells requires viral replication [2], whereas, in other
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cell types, including macrophages, binding of nonreplicating RSV
or virus-surface proteins has been shown to induce NF-xB ac-
tivation and production of cytokines or chemokines [6, 36, 38].
Second, the depletion of AMs by CLLMBP liposome treatment
abolished both replicating RSV- and UV-RSV-induced activa-
tion of NF-xkB at 1.5 h after inoculation. However, liposome
treatment did not significantly affect NF-«B activity at 24 h,
despite the fact that the lung was still depleted of AMs. This
finding suggests that, at later time points of RSV infection, other
cells that are recruited to the lung become a sizable source of the
lung NF-«B response to RSV, in addition to the AMs. In this
regard, we have shown that NF-«xB activation is still detectable
5-7 days after inoculation, a time point at which lymphocytes
are a major component of the inflammatory infiltrate in the lung
[31]. Future studies will be focused on a more precise character-
ization of these cellular sources of NF-«B activity in RS V-infected
lung tissue.

TLRs are type I transmembrane proteins, which have been
identified as central regulators of innate immune response against
a variety of microbes [46]. TLR4 is the first discovered human
homologue of the Drosphila Toll, is the predominant receptor for
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Figure 5. Role of replicating virus and alveolar macrophages (AMs)
in lung NF-kB activation (24 h). Mice were inoculated as described in
figure 4. A, At 24 h, lung nuclear proteins were used for electrophoretic
mobility shift assay. The figure shows a representative experiment of
3 independent experiments with sham- (» = 12 mice), purified respi-
ratory syncytial virus— (pRSV; n = 12 mice), UV-inactivated RSV-
(UV-pRSV; n = 10 mice), and liposome-treated mice (LIP/pRSV
[n = 7 mice] and LIP/UV-pRSV [z = 7 mice]). B, The bar graph rep-
resents the quantification (mean = SE) of the NF-«kB binding com-
plexes (differences not statistically significant).
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Figure 6. Involvement of Toll-like receptor 4 in NF-«B activation
by respiratory syncytial virus (RSV). C3H/HeJ (HeJ) and C3H/HeSnJ
(HeSnJ) mice were inoculated with PBS (Sham), purified RSV (pRSV),
or UV-inactivated pRSV (UV-pRSV) for 1.5 (top panels) or 24 (lower
panels) h. Mice were killed, and lung nuclear proteins were tested by
electrophoretic mobility shift assay for NF-kB-binding activity. The
figure is a representative experiment with 6 mice/group.

gram-negative bacterial LPS [40, 47], and is preferentially ex-
pressed on resting monocytes/macrophages, polymorphonuclear
leukocytes, and dendritic cells [48]. Ligation of the TLR4 pro-
motes dimerization of the receptor and recruitment of the adapter
protein MyD88 with autophosphorylation of the serine/threonine
protein kinase IRAK, leading to the activation of the IKK-NF-
kB signal pathway [49]. TLR4 recently has been shown to be
involved in the release of IL-6 by human and mouse monocytes/
macrophages stimulated in vitro by affinity-purified preparations
of RSV A2 F glycoprotein [38]. Here, we have extended these
observations to an in vivo experimental model, providing the
first direct evidence that TLR4 is a critical regulator of RSV-
induced NF-«B activation. In C3H/Je mice, a strain that carries
a functional missense point mutation within the 7/r4 gene region
encoding the cytoplasmic tail of this receptor [40], the amount
of RSV-inducible NF-kB-binding activity detected in lung ex-
tracts or isolated macrophages was consistently reduced (in some
animals, even undetectable), compared with TLR4-competent
C3H/HeSnJ mice (figure 6). Of interest, although at the earliest
time points after inoculation (1.5 h) both intact pRSV and in-
activated UV-RSV failed to induce NF-«B responses in C3H/Je
mice, at the 24 h time point, the same pRSV preparation, but
not the UV-RSV one, was able to induce NF-«B activation sim-
ilar to that observed in C3H/HeSnJ. Thus, in agreement with
the AM depletion experiments, this finding suggests the possible
existence of distinct but sequentially integrated, RSV-inducible
NF-«B responses in the lung that occur in the initial phases after
viral inoculation. The first response occurs at the earliest time
points after inoculation, is mostly AM- and TLR4-dependent,
and does not require RSV replication. The second response, at
later points, involves, in addition to AMs, cells that are tissue
resident (such as airway epithelial cells) and/or inflammatory and
immune cells that are recruited to the lung, are TLR4-indepen-
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dent, and require some degree of viral replication (full replication
and/or abortive). The relevance of these initial TLR4- and AM-
mediated events in the progression of the inflammatory and im-
mune responses in the lung, as well as the implications for the
immunopathogenesis of naturally acquired RSV infection, re-
main to be determined. Collectively with our findings, the recent
observation that RSV-infected TLR4-deficient mice exhibit im-
paired NK and CD14" cell trafficking and deficient NK function
and viral clearance, compared with mice expressing TLR4 [39],
suggests that NF-xkB may be a central activator of not only in-
flammatory responses but also innate mucosal immunity to RSV
[50]. Studies addressing this hypothesis are currently in progress.
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