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ABSTRACT

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infections in infant and elderly populations
worldwide. Currently, there is no efficacious vaccine or therapy available for RSV infection. The molecular mechanisms underly-
ing RSV-induced acute airway disease and associated long-term consequences remain largely unknown; however, experimental
evidence suggests that the lung inflammatory response plays a fundamental role in the outcome of RSV infection. High-mobility
group box 1 (HMGB]1) is a nuclear protein that triggers inflammation when released from activated immune or necrotic cells
and drives the pathogenesis of various infectious agents. Although HMGB1 has been implicated in many inflammatory diseases,
its role in RSV-induced airway inflammation has not been investigated. This study investigates the molecular mechanism of ac-
tion of extracellularly released HMGBI in airway epithelial cells (A549 and small airway epithelial cells) to establish its role in
RSV infection. Inmunofluorescence microscopy and Western blotting results showed that RSV infection of human airway epi-
thelial cells induced a significant release of HMGBI as a result of translocation of HMGB1 from the cell nuclei to the cytoplasm
and subsequent release into the extracellular space. Treating RSV-infected A549 cells with antioxidants significantly inhibited
RSV-induced HMGBI extracellular release. Studies using recombinant HMGB1 triggered immune responses by activating pri-
mary human monocytes. Finally, HMGBI1 released by airway epithelial cells due to RSV infection appears to function as a para-
crine factor priming epithelial cells and monocytes to inflammatory stimuli in the airways.

IMPORTANCE

RSV is a major cause of serious lower respiratory tract infections in young children and causes severe respiratory morbidity and
mortality in the elderly. In addition, to date there is no effective treatment or vaccine available for RSV infection. The mecha-
nisms responsible for RSV-induced acute airway disease and associated long-term consequences remain largely unknown. The
oxidative stress response in the airways plays a major role in the pathogenesis of RSV. HMGBI is a ubiquitous redox-sensitive
multifunctional protein that serves as both a DNA regulatory protein and an extracellular cytokine signaling molecule that pro-
motes airway inflammation as a damage-associated molecular pattern. This study investigated the mechanism of action of
HMGBI1 in RSV infection with the aim of identifying new inflammatory pathways at the molecular level that may be amenable to
therapeutic interventions.

Respiratory syncytial virus (RSV) is a ubiquitous, negative-
sense, enveloped, single-stranded RNA virus that frequently
causes upper and lower respiratory tract infections in infants,
young children, the elderly, and immunocompromised individu-
als. Epidemiological evidence indicates that severe pulmonary dis-
ease caused by RSV infection in infancy is associated with recur-
rent wheezing and the development of asthma later in childhood.
No safe and efficacious therapies for RSV infection exist and nat-
ural immunity is incomplete, resulting in repeated attacks of acute
respiratory tract infections throughout life (1, 2). The molecular
mechanisms underlying RSV-induced acute airway disease and
associated long-term consequences remain largely unknown;
however, experimental evidence suggests that the lung inflamma-
tory response plays a fundamental role in the outcome of RSV
infection. Major targets of RSV infection are airway epithelial
cells, which respond to infection by producing a variety of proin-
flammatory mediators, such as cytokines and chemokines in-
volved in lung immune/inflammatory responses. The mecha-
nisms by which pattern recognition epithelial cells trigger
inflammatory responses have been extensively investigated (3-5).
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More recently, oxidative stress was shown to play an important
role in the pathogenesis of many lung inflammatory diseases, such
as asthma and chronic obstructive pulmonary disease (COPD) (6,
7). RSV infection induces reactive oxygen species (ROS) produc-
tion in vitro and oxidative lung injury in vivo (8, 9), suggesting that
oxidative stress plays a role in its pathogenesis; however, the
mechanism of RSV-induced cellular oxidative stress has not been
extensively investigated.

Extensive research has shed light on the role of high-mobility
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group box 1 protein (HMGB1) in the pathogenesis of many infec-
tious and noninfectious inflammatory diseases. While studies on
HMGBI have extensively focused on its involvement in many
pathological states, there has been no report of its involvement in
RSV-induced human lung pathogenesis, with the exception of one
article showing that the HMGB1 protein levels were induced in
mouse lung homogenates (10). HMGBI is a ubiquitous redox-
sensitive, highly conserved nuclear protein that functions as a
structural protein of chromatin and also as a transcription factor
(reviewed in references 11 and 12). HMGBI1 belongs to the Alarm-
ins family, members of which alert the immune system to tissue
damage and trigger immediate response (13). Recently, extracel-
lular HMGBL1 has been identified as a key signaling molecule in-
volved in many pathological conditions, such as cancer (14), car-
diovascular disease, ischemia/reperfusion (I/R) injury (15), and
lung inflammatory diseases (16, 17, 17-20). HMGBI can be re-
leased passively by necrotic or damaged cells (21) or can be ac-
tively secreted by various cell types, including monocytes, macro-
phages, natural killer cells, dendritic cells, and hepatocytes, in
response to exogenous and endogenous stimuli, such as cytokines,
lipopolysaccharide (LPS), hypoxia, and infection (13, 22-26).
Upon release, HMGB1 mediates innate and adaptive immune re-
sponses to infection and injury through the receptor for advanced
glycation end products (RAGE) and some Toll-like receptors
(TLRs) (27-30). HMGBI signaling through RAGE leads to acti-
vation of the NF-kB pathway, as well as signal transduction
through extracellular signal-regulated kinase (ERK) and p38 mi-
togen-activated protein (MAP) kinase, while HMGBI interac-
tions with TLR2 and TLR4 mediate immune activation, thereby
leading to cytokine production and cell survival (31). The func-
tionality of actively secreted HMGB1 was shown to be modulated
by posttranslational modifications, such as acetylation and phos-
phorylation (32, 33).

This study focused on the molecular mechanism of the active
release of HMGBI as a result of RSV infection of A549 cells, a
human alveolar type II-like epithelial cell line, and small alveolar
epithelial (SAE) cells which are primary human airway epithelial
cells derived from terminal bronchioles of a normal individual.
We have used an in vitro model of RSV infection of A549 and SAE
cells to demonstrate secretion of HMGB1 from these cells and also
to study its role in RSV pathogenesis. We found that RSV infection
led to the translocation of HMGB1 from the nucleus to the cyto-
plasm and its subsequent significant release into the extracellular
medium after stimulation. In addition, we observed a dose-de-
pendent inhibitory effect from antioxidant treatment on the ex-
tracellular HMGBI release in RSV-infected A549 cells. We also
investigated the possible role of HMGBI in RSV infection using
recombinant human HMGB1 (rHMGB1) protein and found that
HMGBI activated primary human monocytes and induced an
inflammatory response. Thus, our results provide evidence for the
molecular basis of HMGB1 release from airway epithelial cells and
suggest that HMGBI plays an important role in triggering inflam-
matory responses via activating neighboring immune cells in the
airways.

MATERIALS AND METHODS

Materials. F12K medium, EDTA, and Hanks’ balanced salt solution
(HBSS) without Mg * or Ca®" were purchased from Gibco-BRL (Grand
Island, NY). Novex 10%, 12%, and 4 to 12% mini gels were obtained from
Invitrogen (Carlsbad, CA). Eukarion salen-manganese complex (EUK-8)
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and the ProteoExtract subcellular proteome extraction kit were purchased
from Calbiochem (San Diego, CA). HEPES and RPMI 1640 were from
Cellgro (Manassas, VA). Small airway epithelial cell (SAEC) growth me-
dium was from Lonza (Houston, TX). ter-Butylhydroquinone (tBHQ),
Histopaque-1077, and dextran were obtained from Sigma-Aldrich (St.
Louis, MO). The 10X Tris-glycine buffer, 10X Tris-glycine-SDS electro-
phoresis buffer, RC DC protein assay kit, human 27-Plex Bio-Plex kit, and
Bio-Rad protein assay reagent were from Bio-Rad (Hercules, CA). Am-
ersham full-range rainbow molecular weight markers were from GE
Healthcare (Piscataway, NJ). Polyvinylidene difluoride membranes
and Immobilon Western horseradish peroxidase (HRP) substrate were
obtained from Millipore (Billerica, MA). Recombinant human HMGB1
(rHMGB1) was purchased from R&D Systems (Minneapolis, MN). Rab-
bit polyclonal anti-human HMGBI antibody was from Abcam (Cam-
bridge, MA), and the fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibody was from Southern Biotech (Birmingham, AL).

RSV preparation. The RSV Long strain was grown in HEp-2 cells and
purified by centrifugation on discontinuous sucrose gradients as de-
scribed previously (34, 35). The virus titer of the purified RSV pools was 8
to 9 log,, PFU/ml using a methylcellulose plaque assay (36). No contam-
inating cytokines were found in these sucrose-purified viral preparations.
Lipopolysaccharide (LPS) was not detected using the Limulus hemocya-
nin agglutination assay. Virus pools were aliquoted, quick-frozen on dry
ice-alcohol, and stored at —80°C until used.

Cell culture and RSV infection of airway epithelial cells. We used
A549 cells, a human alveolar type II-like epithelial cell line (American
Type Culture Collection, Manassas, VA), and small alveolar epithelial
(SAE) cells, which are primary human airway epithelial cells derived from
terminal bronchioli of a normal individual (Clonetics, San Diego, CA),
were grown according to the manufacturer’s instructions. A549 cells were
maintained in F12K medium containing 10% fetal bovine serum (FBS),
10 mM glutamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin.
SAE cells were maintained in SAEC growth medium containing 7.5 mg/ml
bovine pituitary extract (BPE), 0.5 mg/ml hydrocortisone, 0.5 pug/ml hu-
man epidermal growth factor (hEGF), 0.5 mg/ml epinephrine, 10 mg/ml
transferrin, 5 mg/ml insulin, 0.1 pg/ml retinoic acid, 0.5 pg/ml triiodo-
thyronine, 50 mg/ml gentamicin, and 50 mg/ml bovine serum albumin
(BSA). Monolayers of undifferentiated SAE cells were cultured in 25-cm?
flasks at 37°C and 5% CO, with an SAEC basal medium supplied with
growth factors. Cells were used in the experiments at passage three (34).
When SAE cells were used for RSV infection, the cells were changed to
basal medium and not supplemented with growth factors 6 h prior to and
throughout the length of the experiment. At 80 to 90% confluence, cell
monolayers were infected with RSV at a multiplicity of infection (MOI) of
1 (unless otherwise stated), as previously described (37). An equivalent
amount of a 30% sucrose solution was added to uninfected A549 and SAE
cells as a control. In some experiments, cells were pretreated with antiox-
idants such as EUK-8 and tBHQ or rHMGBI for 1 h and then infected
with RSV in the presence of the selected compound. Since EUK-8 and
tBHQ were diluted in ethanol, an equal amount of ethanol was added to
untreated cells as a control. The total number of cells, cell viability, and
viral replication were measured by trypan blue exclusion and plaque as-
say, respectively. There was no significant change in either cell viability or
viral replication when cells were incubated in the presence of the antiox-
idants or tHMGBL1. To inactivate RSV, aliquots of the virus were placed in
the center wells of a 24-well plate, and a transilluminator (UVP model
UVL-56; Entela, Upland, CA) was kept on top of the uncovered plate.
Exposure to UV radiation was done for 15 min (365 nm; dose of 1.5 X
10™? pW/mm?) by placing the plate containing the virus on ice to elimi-
nate the viral infectivity without altering the conformation of viral pro-
teins and mediators.

Isolation of human monocytes from peripheral blood mononuclear
cells and viral infection. Monocytes were isolated from human peripheral
blood mononuclear cells using whole blood from healthy, nonsmoking
individuals (18 to 50 years old) with donor consent under a human sub-
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FIG 1 RSV infection induces HMGB1 secretion in human lung epithelial cells.
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(A) A549 cells were infected with RSV at an MOI of 1, and cell-free supernatants

were harvested at 6, 15, 24, and 48 h postinfection (p.i.) to measure HMGBI release by Western blotting using anti-HMGB1 antibody. (B) Densitometric analysis
of HMGB1 Western blot band intensity was performed using Alpha Ease software, version 2200 (2.2d) (Alpha Innotech Co., San Leandro, CA). Bands in
RSV-infected samples were normalized to uninfected sample background for each time point. Open bars, control; solid bars, RSV. The figure is representative of
three independent experiments. A549 (C) and SAE (D) cells were mock infected or infected with RSV, and cell-free supernatants were harvested over time to
measure HMGBI release by ELISA. P values were <0.05 (*), <0.005 (**), and <0.0005 (***) compared with uninfected cells.

ject study protocol approved by the institutional review board at the Uni-
versity of Texas Medical Branch at Galveston (IRB no. 04371). Blood
samples (60 ml) were mixed with 1.5 ml of dextran (15%) and 1.5 ml of
EDTA (0.25 M) and allowed to sediment for 30 to 40 min at room tem-
perature. After sedimentation, the leukocyte-containing layer was over-
laid onto Histopaque-1077 and centrifuged (720 X g) at room tempera-
ture for 40 min. The layer of mononuclear cells was collected and washed
several times with RPMI 1640 medium supplemented with 2 mM r-glu-
tamine, 2% FBS, 50 WM 2-mercaptoethanol, and 1,000 U/liter penicillin-
streptomycin medium. Cells were allowed to adhere for 4 h, and nonad-
herent cells were removed by several washes with RPMI 1640 medium.
Adherent monocytes (5 X 10°) were pretreated with 100 wl of rtHMGB1
for 1 h followed by infection with RSV at an MOI of 5 for 1 to 2 h at 37°C
(viral adsorption phase), and then the cells were washed twice with RPMI.
For the remaining time of infection the cells were placed in a 24-well plate
in a total volume of 1 ml of RPMI.

Measurement of cytokines. After 24 h, cell-free supernatants were
collected and tested for multiple cytokines using the Bio-Plex human
cytokine 27-plex panel (Bio-Rad Laboratories, Hercules, CA) accord-
ing to the manufacturer’s instructions. The panel included the follow-
ing cytokines: interleukin-18 (IL-1B), IL-1RA, IL-2, IL-4, IL-5, IL-6,
IL-7, IL-8, IL-9, IL-10, IL-12 p70, IL-13, IL-15, IL-17, eotaxin, fibro-
blast growth factor (FGF)-basic, granulocyte colony-stimulating fac-
tor (G-CSF), granulocyte-macrophage CSF (GM-CSF), gamma inter-
feron (IFN-v), IP-10, monocyte chemoattractant protein 1 (MCP-1)
(MCAF), MIP-1a, MIP-1B, platelet-derived growth factor (PDGF)-
bb, RANTES, tumor necrosis factor alpha (TNF-a), and vascular en-
dothelial growth factor (VEGF).

Western blotting and densitometric analyses. Cytoplasmic and nu-
clear extracts were prepared from A549 and SAE cells that were left unin-
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fected or infected with RSV for various lengths of time using the hypoton-
ic/nonionic detergent lysis method as previously described (37). Total cell
lysates were prepared from uninfected and infected A549 and SAE cells by
addingice-cold lysis buffer (50 mM Tris-HCI, pH 7.4, containing 150 mM
NaCl, 1 mM EGTA, 0.25% sodium deoxycholate, 1 mM Na,VO,, 1 mM
NaF, 1% Triton X-100, and 1 pg/ml of aprotinin, leupeptin, and pepsta-
tin). After incubation on ice for 10 min, the lysates were centrifuged at 4°C
at 14,000 X gto remove the detergent-insoluble cell debris. Proteins (10 to
20 pg per sample) were boiled in 2X Laemmli buffer and fractionated by
SDS-PAGE. Proteins were then transferred onto a Hybond-polyvi-
nylidene difluoride membrane (Amersham, Piscataway, NJ), and the
membranes were incubated for 30 min in 10 mM Tris-buffered saline-
Tween (TBST; Tris-HCI, pH 7.6, containing 150 mM NaCl and 0.05%
Tween 20) and 5% bovine serum albumin. After blocking the nonspecific
binding sites, membranes were washed with TBST, incubated sequentially
with the primary antibody overnight at 4°C, and then incubated with
anti-rabbit peroxidase-conjugated secondary antibody (1:10,000 in
TBST) at room temperature for 30 min. Membranes were washed and
signal was detected using enhanced chemiluminescence (ECL) substrate
(Amersham) according to the manufacturer’s protocol. The primary an-
tibody for Western blotting was anti-HMGBI rabbit polyclonal antibody
from Abcam, anti-rabbit peroxidase-conjugated secondary antibody
from Cell Signaling Technology (Danvers, MA), and anti-f3-actin mono-
clonal antibody from Sigma-Aldrich (St. Louis, MO). Densitometric anal-
ysis of Western blot band intensities was performed using Alpha Ease
software, version 2200 (2.2d) (Alpha Innotech Co., San Leandro, CA).
Bands in RSV-infected samples were normalized to uninfected sample
background for each time point.

ELISA. HMGBI1 was quantitated in cell-free supernatants using a
DuoSet sandwich enzyme-linked immunosorbent assay (ELISA) kit
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FIG 2 Effects of RSV infection on HMGB1 protein levels in A549 cells. (A) A549 cells were mock infected or infected with RSV atan MOI of 1.0, and the viability
of the cells was evaluated by Trypan blue exclusion. (B) Total cell lysates and cytoplasmic and nuclear extracts prepared from uninfected or RSV-infected A549
cells for 6, 15, 24, and 48 h p.i. were resolved on 12% SDS-PAGE, and Western blotting was performed using antibody against HMGB1 protein. Membranes were
stripped and reprobed for B-actin as an internal control for protein integrity and loading for total lysates and cytoplasmic extracts, and lamin B was used for
nuclear extracts. (C to E) Densitometric analyses of HMGB1 Western blot band intensity for total cell lysates (C), cytoplasmic extracts (D), and nuclear extracts
(E). Bands in RSV-infected samples were normalized to the uninfected sample background for each time point. Open bars, control; solid bars, RSV. The figure
is representative of three independent experiments. P values were <0.05 (*), <0.005 (**), and <0.0005 (***) compared with uninfected cells.

(R&D Systems, Minneapolis, MN) by following the manufacturer’s pro-
tocol. The sensitivity of the assay was 7.8 to 2,000 pg/ml.

Cell viability. Total number of cells and cell viability, following RSV
infection at an MOI of 1.0, was measured by trypan blue exclusion. There
was no significant change in cell viability with RSV infection both at 15 h
and 24 h postinfection (p.i.).

Immunocytochemistry. Cells were cultured in LabTek IT chambers
(Nalge Nunc, Penfield, NY) and fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) at room temperature for 30 min. The cells
were then washed with PBS and incubated at 4°C for 10 min with permea-
bilization buffer (PBS containing 0.1% Triton X-100). After blocking with
5% BSA in PBS for 1 h, cells were incubated with anti-HMGB1 antibody
(Abcam), followed by incubation for 1 h with Alexa Flour 488-conjugated
or FITC-conjugated secondary antibody (Invitrogen). The cells were cov-
erslip mounted using mounting medium containing the fluorescent nu-
clear stain 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen), and sig-
nals were analyzed using a fluorescence microscope (Nikon, Japan).

qRT-PCR. Total RNA was extracted from uninfected and RSV-in-
fected A549 and SAE cells with an RNeasy minikit (Qiagen, Hilden, Ger-
many). RNA samples were quantified using a NanoDrop spectrophotom-
eter (NanoDrop Technologies), and the quality was analyzed on RNA
nano or pico chips using an Agilent 2100 Bioanalyzer (Agilent Technolo-
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gies). Synthesis of cDNA was performed with 1 pg of total RNA in a 20-pl
reaction mix using the reagents in the TagMan reverse transcription re-
agent kit from ABI (no. N8080234; Applied Biosystems). The forward and
reverse primers for HMGBI1 were 5'-CCATTGCAGTACATTGAGCTC
C-3" and 5'-TGCCTCTCGGCTTAGGAT-3’, respectively. The reaction
conditions used were 25°C for 10 min, 48°C for 30 min, and 95°C for 5
min. Quantitative real-time PCR (qRT-PCR) amplifications (performed
in triplicate) were done with 1 pl of cDNA in a total volume of 25 pl using
the FastStart Universal SYBR green master mix (no. 04913850001; Roche
Applied Science). The final concentration of the primers was 300 nM. 18S
RNA was used as the housekeeping gene for normalization. PCR assays
were run using the Applied Biosystems Prism 7500 sequence detection
system under the following conditions: 50°C for 2 min, 95°C for 10 min,
95°C for 15 s, and 60°C for 1 min for 40 cycles. Duplicate cycle threshold
(Cr) values were analyzed in Microsoft Excel by the comparative C.
(AAC;) method as described by the manufacturer (Applied Biosystems).
The amount of target (2~ *2¢T) was obtained by normalizing to the en-
dogenous reference (18S) sample.

Statistics. A two-tailed Student’s t test using a 95% confidence level
was performed in all experiments. Significance is indicated as a P value of
<0.05 (*), <0.005 (**), and <0.0005 (***).
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FIG 3 RSV infection modifies HMGBI1 protein expression in SAE cells. (A and B) Total cell lysates and cytoplasmic and nuclear extracts prepared from uninfected or
RSV-infected SAE cells for 6, 15, 24, and 48 h p.i. were resolved on 12% SDS-PAGE, and Western blots were performed using antibody against HMGBI protein.
Membranes were stripped and reprobed for 3-actin as an internal control for protein integrity and loading for total lysates and cytoplasmic extracts, and lamin B was used
for nuclear extracts. (C to E) Densitometric analyses of HMGB1 Western blot band intensity for total cell lysates (C), cytoplasmic extracts (D), and nuclear extracts (E).
Bands in RSV-infected samples were normalized to uninfected sample background for each time point. Open bars, control; solid bars, RSV. The figure is representative
of three independent experiments. P values were <0.05 (*), <0.005 (**), and <<0.0005 (***) compared with uninfected cells.

RESULTS

RSV infection induced the secretion of HMGBI1 in human air-
way epithelial cells. A549 cells, a human alveolar type II-like ep-
ithelial cell line, were mock infected or infected with RSV at an
MOI of 1 for 6, 15, 24, and 48 h, and the cell-free supernatants
were harvested to measure HMGB1 levels by Western blotting and
ELISA. We found that RSV induced a substantial increase in
HMGBI release from these cells in a time-dependent manner
compared with uninfected cells (Fig. 1A). Densitometric analysis
of the Western blot showed that RSV infection for 24 and 48 h
increased the HMGBI release after infection by 28-fold and 23-
fold, respectively (Fig. 1B). An ELISA confirmed the Western blot
results and showed 2 - and 3-fold increase in HMGBI released
from the cells infected with RSV for 24 and 48 h, respectively (Fig.
1C). To confirm these results, we also examined the effect of RSV
infection on HMGBI release from small alveolar epithelial (SAE)
cells, which are primary human airway epithelial cells derived
from terminal bronchioles of a normal individual. SAE cells be-
have very similarly to A549 cells in terms of chemokine/cytokine
gene expression and transcription factor and signaling pathway
activation after RSV infection (37-39). Our results showed a sig-
nificant increase in HMGBI levels in RSV-infected SAE cells com-
pared with uninfected cells (Fig. 1D). The effect of RSV infection
on cell viability was determined using trypan blue exclusion. We
found that at the 15- and 24-h p.i. time points, at an MOI of 1.0,
where most of the experiments were done, RSV infection was not
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toxic to the cells (Fig. 2A). Together, the results shown in Fig. 1
and 2A suggested that RSV infection triggers an active release of
HMGBI from airway epithelial cells. The molecular mass of nu-
clear HMGBI1 is ~25 kDa, whereas the extracellular HMGB1 runs
at ~30 kDa, largely due to acetylation. Upon RSV infection,
HMGBI1 secreted by airway epithelial cells showed multiple pro-
tein bands on Western blots; one at ~30kDa, another at ~60 kDa,
and another at ~25-kDa (Fig. 1A). The higher-molecular-mass
band could be a complex of HMGBI1 with another protein(s) yet
to be determined (30). Posttranslational acetylation of key lysine
residues within nuclear localization signals of HMGBI shifts its
equilibrium from a predominant nuclear location toward cyto-
plasm and subsequent extracellular release. Multiple posttransla-
tional modifications (acetylation, phosphorylation, and methyl-
ation) of secreted HMGBI have been reported that give rise to a
complex protein pattern on gel electrophoresis (27, 32, 40). The
characterization of the secreted multiple molecular forms of
HMGBI resulting from RSV infection is a separate ongoing study
in our laboratory.

RSV infection induced translocation of HMGBI1 in airway
epithelial cells. To understand the biological relevance of the
translocation of HMGB1 in RSV-infected cells, we monitored the
subcellular localization of HMGBI in the airway epithelial cells.
A549 and SAE cells were mock infected or infected with RSV for 6,
15, 24, and 48 h and harvested for the preparation of total cell
lysates, as well as nuclear and cytoplasmic fractions, to measure
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FIG 4 RSV infection induces translocation of HMGBI1 in A549 cells. A549
cells were mock infected or infected with RSV, and the cells were incubated
after 24 h p.i. with rabbit anti-HMGBI polyclonal antibody followed by Alexa
Flour 488-conjugated secondary antibody. Nuclei were labeled with DAPI and
analyzed by confocal immunofluorescence microscopy (original magnifica-
tion, X400). Representative fluorescence microscopic images (HMGBI1 and
DAPI) and merged images (overlay) are shown. Scale bar, 20 pm.

HMGBI levels by Western blotting. We found that HMGB1 pro-
tein levels decreased in the total cell lysates and in nuclear and
cytoplasmic fractions by RSV infection after 24 and 48 h p.i. (Fig.
2B). Comparative densitometric analyses with uninfected cells of
Western blot results are presented in Fig. 2C to E. In this analysis,
the comparisons were made for RSV-infected versus uninfected
cells at each time point to control for variations in HMGBI ex-
pression by serum and cell density. In nuclear fractions, the
HMGBI1 protein level increased by 73% (0.6-fold) at 6 h p.i., and
thereafter it gradually decreased by 37% (1.6-fold), 41% (1.7-
fold), and 72% (3.6-fold), respectively, at 15, 24, and 48 h after
RSV infection (Fig. 2E). The HMGBI protein level in the cyto-
plasmic fraction gradually decreased throughout the course of
RSV infection compared with uninfected cells by 51% (2.0-fold),
80% (5.0-fold), and 94% (17-fold) at 15, 24, and 48 h after infec-
tion, respectively (Fig. 2D). Likewise, the HMGBI1 level in total cell
lysates of RSV-infected A549 cells decreased significantly
throughout the course of infection, with 49.5% (~2-fold), 95.5%
(22-fold), and 96.2% (26.3-fold) at 15, 24, and 48 h after infection,
respectively (Fig. 2C), compared with control cells. Decreased
HMGBI protein levels were also observed in the nucleus, cytoplasm,
and total cell lysates prepared from RSV-infected SAE cells compared
with uninfected cells (Fig. 3A, B, C, D, and E). Confocal immunoflu-
orescence microscopy analyses of A549 cells infected with RSV and
immunostained with an HMGB1-specific antibody are shown in Fig.
4. HMGBI protein was detected predominantly in the nucleus of
uninfected cells. In comparison, in the cells infected with RSV for 24
h, a significant amount of HMGB1 was observed in the cytoplasm
(Fig. 4). Taken together, the results presented in Fig. 2 to 4 suggested
that (i) RSV infection resulted in an overall decline in cellular
HMGBI protein levels, (ii) the translocation of HMGBI from the
nucleus was enhanced immediately after RSV infection, and (iii) by
24 h p.i., HMGBI was largely translocated from cell nuclei to the
cytoplasm and released into the extracellular space.

RSV infection downregulated HMGB1 gene expression in
airway epithelial cells. To investigate the mechanism responsible
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for the observed changes in HMGB1 protein levels in response to
RSV infection, we monitored HMGB1 mRNA levels in airway
epithelial cells. Total RNA was prepared from the uninfected and
RSV-infected A549 cells at 6, 15, 24, and 48 h p.i., and the HMGBI1
gene was amplified by quantitative real-time PCR (qRT-PCR). Sim-
ilar to what we observed for the HMGBI1 protein levels, HMGB1
mRNA decreased during the course of RSV infection, particularly at
the later time points (15, 24, and 48 h after infection). HMGBI ex-
pression was decreased by ~30% (1.4-fold), 49% (2.0-fold), and 63%
(2.7-fold) at 15, 24, and 48 h p.i., respectively, compared with unin-
fected cells (Fig. 5A). To confirm our findings in A549 cells, a similar
experiment was performed using normal SAE cells. The pattern of
HMGB1 mRNA expression in SAE cells infected with RSV was sim-
ilar to the one found in infected A549 cells (Fig. 5B). HMGB1 mRNA
expression in SAE cells infected with RSV decreased by 30% (1.9-
fold), 46% (2.7-fold), and 92% (13.7-fold) at 15, 24, and 48 h p.i.,
respectively, compared with uninfected cells.

Effect of UV inactivation of RSV on HMGBI1 release in airway
epithelial cells. To examine whether viral infectivity is required
for HMGBI release in the A549 cells, we monitored the HMGB1
protein levels in the cells incubated with UV-inactivated virus.
Aliquots of RSV A2 viral stocks were exposed to UV radiation for
15 min using a transilluminator (365 nm; dose of 1.5 X 1072
WW/mm?) to eliminate the viral infectivity without altering the
conformation of viral proteins and mediators. A549 cells were mock
infected or infected with RSV or UV-inactivated virus, and cells har-
vested at 24 h p.i. were used to prepare cell-free supernatants and total
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compared with RSV-infected cells.
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cell lysates to measure HMGB1 levels by Western blotting. We found
that UV inactivation of RSV did not induce the release of HMGB1
from A549 cells compared with the cells infected with live RSV (Fig.
6). These results suggested that the active replication by virus was
required to trigger HMGB1 release from A549 cells and that secretion
of HMGB1 by these cells was viral replication dependent.

Effect of proinflammatory cytokines and chemokines on
HMGBI release. RSV induces the expression of proinflammatory
mediators in airway epithelial cells (41-43). We therefore deter-
mined the effect of proinflammatory cytokines and chemokines
on HMGBI release from airway epithelial cells. A549 cells were
pretreated with various cytokines and chemokines (IL-6, TNF-q,
GM-CSF, IFN-v, IL-13, and RANTES) and mock infected or in-
fected with RSV and cell-free supernatants, and total cell lysates
were prepared at 24 h after treatment to measure HMGB1 protein
levels by Western blotting. We found that proinflammatory me-
diators did not induce the release of HMGB1 from A549 cells as
was noted in RSV-infected cells (Fig. 7). These results suggested
that RSV infection-induced cytokines and chemokines do not
promote HMGBI release from lung epithelial cells.

Effect of antioxidants on RSV-induced HMGBI release. We
have previously reported that RSV induces cellular oxidative stress
by generating ROS and downregulating antioxidant enzymes, and
that treatment with antioxidants decreases virus-induced ROS
production (44, 45). Studies have shown that oxidative stress
triggers the translocation of HMGBI1 from the nucleus to the cy-
toplasm (46—48). In this study, we investigated the possible mech-
anism for HMGBI release in RSV infection and indicate that RSV-
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lease. A549 cells were either infected with RSV or pretreated with 100 ng/ml of
various cytokines and chemokines, and HMGBI levels in cell-free superna-
tants (A and B) as well as in total cell lysates (C and D) were measured by
Western blotting using anti-HMGB1 antibody. Membranes were stripped
and reprobed for B-actin as an internal control for protein integrity and
loading. NS, nonspecific band from the same blot. (E and F) Densitometric
analyses of HMGB1 Western blot band intensity for supernatants. The
figure is representative of three independent experiments. P values were
<0.05 (*) and <0.0005 (***) compared with uninfected, RSV-infected,
and cytokine-treated cells.

induced ROS generation triggers the release of HMGBI. Thus,
treatment of RSV-infected cells with ROS scavengers, such as
EUK-8, which possesses significant catalase and peroxidase activ-
ities in addition to superoxide dismutase (SOD) activity, as well as
tBHQ, would inhibit HMGBI release from the cells and thereby
exert a protective effect against RSV-induced cellular stress. A549
cells were pretreated for 1 h before infection and throughout the
course of infection with increasing concentrations of EUK-8 or
tBHQ. Cells were harvested after 24 h of treatment, and the
HMGBI protein level in cell-free supernatants was measured by
Western blotting or ELISA and its mRNA expression by qRT-
PCR. EUK-8 as well as tBHQ treatment significantly inhibited the
RSV-induced HMGBI release in A549 cells in a dose-dependent
manner (Fig. 8A, C, and D). HMGB1 mRNA expression was also
significantly increased by antioxidant treatment in RSV-infected
cells (Fig. 8B). The confocal immunofluorescence microscopic re-
sults revealed HMGB1 export from the nucleus to the cytoplasm
in RSV-infected cells. Antioxidant treatment led to significant re-
tention of HMGBI in the cytoplasm of RSV-infected cells com-
pared to untreated control cells (Fig. 9). These results suggested
that RSV-induced ROS generation promotes the release of
HMGBI from the cells, and that treatment with ROS scavengers
significantly inhibited its extracellular release.

Effect of HMGBI1 on secretion of proinflammatory media-
tors in airway epithelial cells. To investigate whether HMGB1
enhances RSV-induced proinflammatory gene expression, RSV-
infected A549 cells were incubated in the presence or absence of
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rHMGBI (100 ng/ml) for 24 h, and cell-free supernatants were
utilized to measure proinflammatory mediators by Bio-Plex assay.
Our results showed that rHMGBI did not itself induce the release
of cytokines/chemokines in A549 cells. However, tHMGBI treat-
ment of the RSV-infected cells resulted in a significant increase in
the release of proinflammatory mediators, such as IL-8, RANTES,
and G-CSF, compared with that in RSV-infected/untreated cells
(Fig. 10). These results suggested that HMGBI1 provides a syner-
gistic signal in eliciting proinflammatory gene expression in RSV-
infected A549 cells.

HMGBI triggered proinflammatory cytokine/chemokine re-
lease in human primary monocytes. We also determined
whether RSV infection induces HMGBI release in immune cells.
We infected human primary monocytes with RSV for 24 h, and
cell-free supernatants and total cell lysates were utilized for mea-
suring HMGBI levels by Western blotting. We did not detect
HMGBI release from monocytes in response to RSV infection;
however, LPS treatment significantly induced HMGBI1 release
from the primary monocytes (Fig. 11). Since rHMGBI is a poor
activator of proinflammatory mediators in A549 cells, we wanted
to test its effect in monocytes. Primary human monocytes were
pretreated with rHMGBI at 100 ng/ml, and cell-free supernatants
were used to measure cytokine/chemokine release by a Bio-Plex
assay. Our results showed that the addition of rHMGBI to cul-
tured human monocytes significantly induced the release of pro-
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inflammatory mediators, including IL-13, IL-1RA, IL-6, IL-8, IL-
10, TNF-a, G-CSF, IFN-v, IP-10, MCP-1, MIP-1at, MIP-1f3,
RANTES, PDGF, and VEGEF (Fig. 12). We also observed a syner-
gistic increase in the levels of many of these cytokines when the
cells were treated in combination with rHMGB1 and RSV. These
results showed that HMGBI released from airway epithelial cells
can provide danger signals to neighboring immune cells in the
airways and promote inflammation and also provides a synergistic
signal in eliciting proinflammatory gene expression in RSV-in-
fected human primary monocytes.

DISCUSSION

HMGBI is a 25-kDa DNA-binding protein typically located in the
nucleus of the cells, but after significant posttranslational modifi-
cations, such as acetylation, phosphorylation, and methylation, it
can translocate to the cytoplasm and subsequently be released into
the extracellular space during cell activation and/or cell death (32,
33). HMGBI was initially characterized as a transcription factor
and growth factor but later was identified as a cytokine mediator
of many inflammatory diseases (13, 24-26). The present work
establishes that RSV infection induces the release of HMGB1 from
the lung epithelial cells, and our results demonstrated that upon
RSV infection HMGBI secreted by airway epithelial cells showed
multiple protein bands on Western blots (Fig. 1A). The extracel-
lular HMGB1 was shown to run at 30-kDa due to its significant
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FIG 9 Nuclear translocation of HMGBI in response to RSV infection and
inhibition of its release by antioxidant treatment. A549 cells were pretreated
with the antioxidant mimetic EUK-8 at 100 wM for 1 h and then mock infected
or infected with RSV at an MOI of 3. Cells were analyzed after 24 h p.i. by
confocal immunofluorescence microscopy (original magnification, X400) us-
ing anti-HMGBI antibody (green). Representative fluorescence microscopic
images (HMGBI1 and DAPI) and merged images (overlay) are shown. Scale
bar, 20 pm.

posttranslational modifications (13). This study demonstrated
that RSV infection triggers the translocation of HMGBI protein
from the cell nucleus to the cytoplasm and induces its secretion
into the extracellular milieu (Fig. 1 to 4). Although HMGB1 can be
passively released after necrosis, our results demonstrated that
active RSV infection in airway epithelial cells leads to transloca-
tion of HMGBI1 from the nucleus to the cytoplasm and subse-
quently to the extracellular space, and this phenomenon occurred
independent of cell death; we did not see any significant increase
in cell apoptosis, necrosis, or cytopathy during the 24 h p.i. (Fig.
2A and 4). To our knowledge, our studies represent the first report
of elevated HMGBI secretion in the RSV-infected airway epithe-
lial cells. HM GBI release has been shown after infection with var-
ious viruses, including RNA viruses (e.g., influenza virus H5N1,
hepatitis C virus, West Nile virus, dengue virus, and HIV-1) (22,
49-51) and DNA viruses (e.g., herpes simplex virus type 2) (52),
and HMGBI1 has been implicated as an important mediator in the
pathogenesis of these viral infections (53). Recent reports on
asthma and COPD provide strong correlative evidence for
HMGB1’s involvement in lung inflammation (19, 54-58).
Although our findings indicated that RSV induced HMGB1
secretion, the molecular basis of its nuclear translocation and the
mechanism of its release to the extracellular milieu are not fully yet
understood. However, a possible mechanism involves ROS gen-
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FIG 10 Effect of rHMGBI1 on proinflammatory mediator release in A549 cells.
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24 h p.i. to measure the concentrations of different proinflammatory media-
tors by Bio-Plex. n = 2 independent experiments run in triplicate. P values
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erated in RSV-infected airway epithelial cells. We have previously
shown that RSV induces severe cellular oxidative stress in vitro and
oxidative injury to the lungs in vivo, and that treatment with
antioxidants decreases virus-induced ROS production, viral rep-
lication, and proinflammatory gene expression (44, 45, 59). Hy-
drogen peroxide-induced oxidative stress has been shown to stim-
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FIG 11 Effect of RSV infection on HMGBI protein levels in human mono-
cytes. Human primary monocytes were treated with LPS (1 pg/ml) or infected
with RSV at an MOI of 5, and cell-free supernatants (A) as well as total cell
lysates (B) were prepared after 24 h p.i. to measure HMGBI protein levels by
Western blotting using anti-HMGB1 antibody. Membrane was stripped and
reprobed for B-actin as an internal control for protein integrity and loading.
NS, nonspecific band from the same blot.
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FIG 12 HMGBI stimulates the release of proinflammatory mediators in human primary monocytes. Human monocytes cultured with recombinant HMGB1
(100 ng/ml) in the presence or absence of RSV. Cell-free supernatants were harvested after 24 h p.i. to measure the concentrations of different proinflammatory
mediators by Bio-Plex (# = 2 independent experiments run in triplicate). (A) Proinflammatory mediators stimulated by RSV. (B) Proinflammatory mediators
stimulated by RSV as well as rHMGBI. (C) Proinflammatory mediators stimulated in combination by rHMGB1 and RSV infection. P values were <0.05 (*),
<0.005 (**), and <0.0005 (***) compared with uninfected, RSV-infected, and rHMGB1-treated cells.
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ulate macrophages and monocytes to actively or passively release
HMGBI through MAP kinase- and chromosome region mainte-
nance (CRM1)-dependent mechanisms (48). HMGBI levels were
induced during mouse liver ischemia reperfusion (I/R) injury,
and inhibition of its activity with neutralizing antibody signifi-
cantly decreased liver damage after I/R injury (25). Hyperglyce-
mia-induced ROS increases expression of HMGBI1 and RAGE in
human endothelial cells (60). HMGBI has been shown to act as an
early mediator of injury and inflammation mediated through
TLR-4, TLR-9, and RAGE receptors (61-63). Several studies have
demonstrated in various disease states, including liver I/R injury
and atherosclerosis, as well as in aging, that oxidative stress trig-
gers the translocation of HMGBI1 from the nucleus to the cyto-
plasm, indicating that under cellular stress HMGB1 release facili-
tates cellular defenses and alerts the immune system to the damage
(46-48, 64, 65).

Using several proinflammatory cytokines and chemokines to
treat A549 cells, we found that proinflammatory mediators had no
direct role in signaling HMGB1 release from A549 cells (Fig. 7).
Likewise, rTHMGB1 alone had no effect on inducing proinflamma-
tory gene expression in A549 cells, indicating that cellular stimu-
lation by HMGB1 was specific to monocytes. However, rHMGB1
significantly enhanced the RSV-induced proinflammatory re-
sponse in A549 cells. These results provide evidence that HMGB1
protein is bioactive only in the presence of external stimulus, such
as RSV, and can provide a synergistic functionality (Fig. 10). Syn-
ergy among cytokines has been reported (66).

In this study, we monitored the effect of antioxidant treatment
(with EUK-8 and tBHQ) (Fig. 8A to D and 9) and UV inactivation
of the virus (Fig. 6A to D) on RSV-induced HMGBI release in
A549 cells. We showed that HMGB1 release from the cells is virus
replication dependent, and inhibition of HMGBI release from the
cells by antioxidants may suppress the HMGB1-induced inflam-
matory responses. Moreover, we showed that HMGB1 mRNA
expression was significantly increased after antioxidant treatment,
which was progressively decreased after RSV infection. We have
shown that blocking HMGBI release in A549 cells through anti-
oxidant treatment is the result of reduced viral replication by an-
tioxidant treatment (44). In recent years, several classes of syn-
thetic antioxidant mimetics have been tested as a potential
therapeutic approach to oxidant-related lung damage. The salen
class of antioxidant enzyme mimetics includes compounds that
mainly have SOD activity, as well as compounds that also exhibit
catalase and peroxidase activity. These compounds have shown
protective effects in various experimental disease models, includ-
ing injury models of brain, lung, and systemic shock (reviewed in
reference 67). Our previous studies have shown that treating A549
cells with EUK-134 significantly inhibited RSV-induced IL-8 and
RANTES secretion (45). Several antioxidants, such as ethyl pyru-
vate, green tea, quercetin, N-acetyl cysteine, and curcumin, play a
significant role in the setting of experimental inflammation, partly
by attenuating systemic HMGBI1 accumulation (reviewed in ref-
erence 47). These observations suggested that the elevated levels of
ROS in RSV-infected cells contribute, at least in part, to the trans-
location of HMGBI.

In the current study, we focused on the function of HMGB1
protein in RSV infection. Our results with rHMGB1 protein and
human primary monocytes (Fig. 11) suggested that HMGBI se-
creted by airway epithelial cells in response to RSV infection signal
the monocytes/macrophages to release proinflammatory cyto-
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FIG 13 Schematic representation of HMGBI’s role in RSV infection. RSV-
induced HMGBI secretion from airway epithelial cells (AECs) activates pri-
mary human monocytes in the airways to release proinflammatory mediators
and promote inflammation.

kines and chemokines (Fig. 12). Other investigators have reported
similar observations in human monocytes treated with purified
HMGBI (32, 68). Monocytes and macrophages are the key players
in orchestrating the immune response to infection and injury. Our
observation that HMGBI can activate additional downstream
cytokine/chemokine cascades has widespread implications in
RSV infection, as HMGBI failed to stimulate A549 cells by itself
but showed some effect only in the presence of RSV. Our findings
also suggested that monocytes are the cellular targets for the cyto-
kine-inducing activity of HMGBI, as it is not released by mono-
cytes. Moreover, secreted HMGBI likely triggers inflammatory
responses by activating neighboring immune cells in the airways
to release more proinflammatory cytokines (69). Therefore,
HMGBI by itself or in combination with other proinflammatory
cytokines may also contribute to chronic inflammation of airway
epithelial cells. These observations support the view that secreted
HMGBI contributed to the triggering and maintaining of a path-
ological state. Confirming the roles of HMGB1 in RSV pathology
and the physiological activities of HMGBI1 during RSV infection
will require further investigations using appropriate animal
model systems. These results led us to conclude that RSV infection
induced the secretion of HMGBI protein into the extracellular
milieu and that secreted HMGBI triggered the activation of im-
mune cells to release proinflammatory mediators, thereby alerting
the immune system to the potential damage (Fig. 13).

It is worth emphasizing the potential significance of the trans-
location of HMGBI from the nucleus to the cytoplasm and to
understand its role in autophagy, apoptosis, necrosis, and other
cellular processes that play a major role in host immunity against
respiratory viral infections. Recent studies on autophagy in RSV
infection suggest that autophagy facilitates intracellular pathogen
recognition, dendritic cell (DC) maturation, and proinflamma-
tory cytokine production (70-72). Because RSV enters the host
cell cytosol directly through membrane fusion (73), DC activation
relies on the autophagic machinery to mediate endosomal TLR-
dependent cytokine production and proper immune responses.
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Recent studies have demonstrated the relationship between
HMGBI and autophagy, where it promotes starvation- and oxi-
dative stress-induced autophagy in immortalized mouse embry-
onic fibroblasts and cancer cells, through direct interaction with
Beclin-1, a critical regulator of autophagy and apoptosis (33, 40).
HMGBI1-mediated autophagy also regulated acute promyelocytic
leukemia cell differentiation via controlling the degradation of
protein of promyelocytic leukemia and retinoic acid receptor-o
(74). Further investigations on HMGB1’s role in the airway in-
flammation caused by RSV infection will provide new insights on
the mechanisms involved that facilitate the development of novel
therapeutic strategies to treat and prevent virus-induced lung in-
flammatory diseases in pediatric and elderly populations.
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