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Infection with Influenza Virus Induces IL-33

in Murine Lungs

Ronan Le Goffic!, Muhammad Imran Arshad? Michel Rauch?, Annie L'Helgoualc’h?,
Bernard Delmas’, Claire Piquet-Pellorce?, and Michel Samson?2

Unité de Virologie et Immunologie Moléculaires, Unité de Recherche 892, Institut National de la Recherche Agronomique, Jouy-en-Josas, France;
and 2Equipe Accueil 4427 Signalisation et Réponses aux Agents Infectieux et Chimiques, Université de Rennes 1, Institut Fédératif de Recherche 140,

Rennes, France

IL-33, a novel IL-1 family member, is crucially expressed and
involved in pulmonary diseases, but its regulation in viral diseases
such as influenza A virus (IAV) remains unclear. This study aimed to
characterize the expression and release of IL-33 in lungs of IAV-
infected mice in vivoand in murine respiratory epithelial cells (MLE-
15) in vitro. Our results provide evidence of up-regulation of IL-33
mRNA in IAV-infected murine lungs, compared with noninfected
control mice. The overexpression of IL-33 was positively correlated
with a significant increase in mRNA encoding the proinflammatory
cytokines TNF-e, IFN-y, IL-18, and IL-6, and was also associated
with an increase in IFN-B mRNA. A profound overexpression of
IL-33 protein was evident in IAV-infected murine lungs and bron-
choalveolar lavages of influenza-infected mice, compared with low
concentrations in naive lungs in vivo. Immunolocalization high-
lighted the cellular expression of IL-33 in alveolar epithelial
and endothelial cells, along with increased infiltrate cells in virus-
infected lungs. Further in vitro experiments showed an induction
of IL-33 transcript-in MLE-15 cells and human epithelial cells
(A549) infected with different strains of IAV in comparison with
noninfected cells. In conclusion, our findings evidenced a profound
expression of IL-33 in lungs during both in vivo and in vitro
IAV infections, suggesting a role for IL-33 in virus-induced lung
infections.

Keywords: IL-33; influenza virus; pulmonary infection

IL-33 is a novel member of the IL-1 cytokine family, sharing
structural homology with cytokines of the IL-1 family such
as IL-1a, IL-1B, and IL-18 (1). IL-33 presents dual functionality.
First, it is localized in the nucleus (as a chromatin-associated
factor), and functions as a transcriptional repressor (2). How-
ever, its exact biological functions remain unknown. Second, in
terms of cytokine function, IL-33 induces its biological activity
by the interaction of a heterodimer composed of IL-1 receptor—
like 1 (ST1) and IL-1 receptor accessory protein receptors. ST2
is present in both transmembrane (ST2L) and secreted (sST2)
forms, and its transmembrane form is expressed primarily in
Th2 cells and mast cells (3). Soluble IL-33 is known to increase
the secretion of Th2 cytokines (IL-4, IL-5, and IL-13) (1) and to
act as a chemoattractant for Th2 lymphocytes both in vivo and
in vitro, elucidating its ability to induce a Th2 immune response
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in different inflammatory diseases (4). IL-33 is also reported to
be a crucial amplifier of innate immune responses during aller-
gic airway and autoimmune diseases (5).

Because of its wide expression in several tissues and cell types,
IL-33 is involved in many immunopathologies such as arthritis (6),
Crohn’s disease (2), and anaphylactic shock (7), and autoimmune
diseases such as systemic lupus erythematous (8), chronic hep-
atitis (9), and chronic pancreatitis (10). Regarding the cellular
source of IL-33 in these pathologies, smooth muscle cells, fibro-
blasts, keratinocytes, dendritic cells, activated macrophages, and
epithelial cells were reported to express IL-33 (9-11).

IL-33 is also reported to be involved in pulmonary disease.
According to recent findings, the overexpression of I1L-33,
TNF-q, and IFN-y is concomitant with severe asthma, whereas
TNF-a and IFN-y exert synergic effects in the regulation of
IL-33 expression in airway smooth muscle cells (12). In allergic
airway inflammation, the role of IL-33 may involve hastening
the pathology as in asthma, where blocking the IL.-33/ST2 path-
way is favorable in limiting disease severity (13). More recently,
the increased expression of IL-33 and other inflammatory medi-
ators such as IL-5, IL-8, IL-13, and IgE were associated with
spontaneous pulmonary inflammation in murine IL-33 (mIL-33)
transgenic mice (14).

The induction of Th2-cytokine-associated lung inflammation
was observed in mice after the inhalation of respiratory syncytial
virus (RSV), which was abrogated by anti-ST2 monoclonal anti-
body (mAb) treatment, suggesting a role of ST2 inhibition in
virally induced pulmonary infection (15). To date, however, few
data are available regarding the role of IL-33 in viral diseases, and
particularly in pulmonary infectious diseases such as influenza A
virus (IAV).

TAV, the causative agent of flu, is a worldwide health problem.
Although vaccine provides good protection against epidemic flu
strains, recent outbreaks highlight the need for a better under-
standing of the mechanisms behind IAV-induced disease. Indeed,
in 2009, a new strain of IAV appeared and spread worldwide, caus-
ing the first flu pandemic of the 21st century (16). IAV can cause
mild to severe respiratory illness, and can lead to death. Acute
pneumonia is an important complication of IAV. This kind of
complication is mainly attributable to highly pathogenic strains,
such as H5N1. Highly pathogenic strains trigger severe damage to
the lungs, and consequently tremendous amounts of proinflam-
matory cytokines and chemokines are produced by influenza-
infected cells. This uncontrolled inflammatory cascade is called
“cytokine storm,” and often leads to death (17).

Therefore, to provide new insight into the induction of cytokines
during infection with IAV, we studied IL-33 in HIN1 IAV-
induced pulmonary infection in mice and the induction of IL-33
in response to infections with different strains of IAV in cultured
human and murine epithelial cells. Our findings provide evidence
of the profound expression of IL-33 in virus-infected lung tissue
in correlation with other proinflammatory cytokines, suggesting
a role for IL-33 in virally induced respiratory pathologies.
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MATERIALS AND METHODS

Viral and Murine Strains

Influenza A/WSN/1933 (H1N1) was used for in vivo and in vitro experi-
ments. Influenza virus strains PR8 (influenza A/Puerto Rico/8/1934;
HIN1), Udorn (influenza A/Udorn/307/1972; H3N2), and Mass65 (in-
fluenza A/Turkey/Massachusetts/3740/1965; HO6N2) were also tested
in vitro during the infection of murine and human epithelial cell lines.
Virus stocks were produced as previously described (18). Female C57Bl/6
mice, aged 8 weeks, were purchased from the Centre d’Elevage
R. Janvier (Le Genest Saint Isle, France), were bred in specific path-
ogen—free conditions, and were used after 2 weeks of adaptation in our
rodent facility. For experiments involving infection with IAV, mice
were housed in ventilated cages under negative pressure with high
efficiency particulate air-filtered air. Mice were treated in accordance
with the guidelines of the Institut National de la Recherche Agrono-
mique, in compliance with European animal welfare regulations.

Infection of Animals and Collection of Bronchoalveolar
Lavage Fluid

The murine lethal dose 50 (MLDs) of viral stock used in this study was
determined to be 1.5 X 10° plaque-forming units (PFU) per mouse.
Anesthetized mice were infected intranasally with 50 pl of PBS con-
taining 1.5 X 10° PFU (1 MLDs) or 1 X 10° PFU (6.5 MLDsy, i.e., the
lethal dose) of IAV (three and eight mice per group, respectively, with
four mice as control subjects, injected with PBS only).

Mice were observed for signs of morbidity and death for 12 days.
Alternatively, mice were killed at different time points, and bronchoal-
veolar lavage (BAL) and lungs were collected as previously described
(19).

Detection of IL-33 at the mRNA and Protein Levels

First-strand cDNA was synthesized from total RNA extracted from lung
tissue, and real-time quantitative PCR (qPCR), using specific primer
pairs (Table 1), was performed as previously described (9). The abso-
lute mRNA copy number of IL-33 was determined in murine lungs
(control versus infected) by qPCR, using a standard curve of murine
1L-33 purified plasmid (a gift from Jean-Philippe Girard, Centre National
de la Recherche Scientifique, Unité Mixte de Recherche 5089-Institut
de Pharmacologie et de Biologie Structurale, Toulouse, France). The
immunolocalization of IL-33 was performed on paraformaldehyde-
fixed cryosections of murine lungs. Cryosections were permeabilized
with 0.1% Triton X-100, and goat IgG anti-mouse IL-33 (2 pg/mL,
R&D Systems, Lille, France) and rat IgG anti-mouse CD45 (2 pg/mL,
BD Biosciences, Le Pont de Claix, France) antibodies were used to
identify IL-33-positive or CD45-positive cells. Further detection of
fluorescence was performed with secondary bovine anti-goat IgG Cy5
and donkey anti-rat IgG Cy3 antibodies (Jackson Immunoresearch
Laboratories, West Grove, PA), and 4',6-diamidino-2-phenylindole
was used for counterstaining, as previously described (9). The expres-
sion of IL-33 was also evaluated by Western blot analysis of total pro-
tein extracted from lung tissues separated on a 16% polyacrylamide
gel, using the polyclonal anti-mouse IL-33 antibody (0.2 pg/ml). Protein

bands were detected by enhanced chemiluminescence, and MultiGauge
software (Fujifilm, Tokyo, Japan) was used to measure the bands’ intensity.

Murine and Human Cell Culture

Murine lung epithelial (MLE)-15 cells (Type II pneumocyte cell line)
were grown as recommended by Wikenheiser and colleagues (20). For
infection, cells were washed with FBS-free medium and incubated with
virus at a multiplicity of infection (MOI) of 5, and then diluted in FCS-
free medium. Human and murine lung epithelial cell lines (Type II
pneumocytes; A549 and MLE-15, respectively) were infected with dif-
ferent strains of IAV (WSN, PRS8, Udorn, and Mass65) along with
a control for 24 hours at an MOI of 5, and the relative transcript level
of murine or human IL-33 was measured. The observed cytopathic
effects of IAV strains are indicated as “+” (cells appear vacuolated
and granular; Mass65), “++” (many round, swollen epithelial cells are
present; PR8), “+++” (lysis of cell layer, ~ 20%; WSN), and
“++4+++” (important lysis of the cell layer, > 50%; Udorn).

Measurement of Cytokines

Murine IL-33, IL-6, TNF-a, and IFN-y concentrations in BAL were
determined using DuoSet ELISA kits obtained from R&D Systems.

Statistical Analysis

The results in each model are represented as the mean = SD of each
group, and are representative of three independent experiments. The
Student ¢ test was used for comparisons of control group parameters
with those of other treatment groups. Correlations between continuous
variables were analyzed by using GraphPad Prism5 software (Graph-
Pad Software, San Diego, CA).

RESULTS

Induction of IL-33 mRNA in Lungs of IAV-Infected
Mice Is Consistent with the Induction of
Proinflammatory Cytokines

We investigated whether I1.-33 transcripts are up-regulated in vi-
ral (influenza A/WSN/1933; HIN1) pulmonary infection. In our
first attempt, we assessed the expression of IL-33 in the lungs
of mice infected with a high dose of AV (10° PFU/mouse), 3 days
after infection. As expected, infected mice exhibited significant
weight loss, compared with noninfected control mice (Figure
1A). We found a significant (P < 0.001) increase in the relative
mRNA expression of IL-33 in the virus-infected group, compared
with noninfected control mice (Figure 1B). Because 1L-33 is
known to be expressed constitutively in lung tissue, we mea-
sured the absolute mRNA copy number of IL-33 in infected
and control mice, and we observed a significant (P < 0.001)
increase (4.3-fold) in the expression of IL-33 in infected mice
compared with noninfected mice (Figure 1B). A similar in-
crease in the mRNA expression of IFN- was evident in virally

TABLE 1. SEQUENCE OF PRIMERS FOR REAL-TIME RT-PCR

Gene Forward

Reverse

IAV 5'AAGACCAATCCTGTCACCTCTGA3'

5'CAAAGCGTCTACGCTGCAGTCC3'

Murine B-actin

5'TGTTACCAACTGGGACGACA3'

Murine 18S 5'CGCCGCTAGAGGTGAAATTC3’
Murine IFN-B 5'CCCTATGGAGATGACGGAGA3’
Murine IL-33 5'ATGGGAAGAAGCTGATGGTG3!
Murine IL-1 B 5'GAAGAAGTGCCCATCCTCTG3'
Murine TNF-« 5'TAGCTCCCAGAAAAGCAAGC3’
Murine IFN-y 5'AGGTCAACAACCCACAGGTC3’
Murine IL-6 5'CCGGAGAGGAGACTTCACAG3’
Human IL-33 5'AATCAGGTGACGGTGTTG3’

Human B-actin

5'AGAAAATCTGGCACCACACC3’

5'GGGGTGTTGAAGGTCTCAAA3'
5'TTGGCAAATGCTTTCGCTC3’
5'CTGTCTGCTGGTGGAGTTCA3’
5'CCGAGGACTTTTTGTGAAGG3'
5'AGCTCATATGGGTCCGACAG3’
5'TTTTCTGGAGGGAGATGTGG3’
5'ATCAGCAGCGACTCCTTTTC3'
5'CAGAATTGCCATTGCACAAC3’
5'ACACTCCAGGATCAGTCTTG3’
5'CTCCTTAATGTCACGCACGA3’

Definition of abbreviation: IAV, influenza A virus.
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Figure 1. Measurement of animal weight loss and mRNA expression of IL-33, IFN-B, TNFq, IFN-y, IL-18, and IL-6 in lungs of mice. Mice (C57BI/6)
were infected intranasally with 108 plaque-forming units (PFU) of the influenza A virus (IAV) strain (H1N1), and killed after 3 days of infection. (A)
Percentages of initial weight comparisons between infected and noninfected mice on Day 3 after infection. Measurement of mRNA expression of
IL-33 (B), IFN-B (C), TNF-a (D), IFN-y (E), IL-1B (F), and IL-6 (G) in lungs according to quantitative RT-PCR. The expression of mRNA is represented as
a relative value of infected mice (n = 8) compared with noninfected control mice (n = 4) (B-G), as well as an absolute IL-33 mRNA copy number (B).
(H) Correlation of the mRNA induction of IL-33 with mRNA concentrations of TNF-a, IFN-B, IFN-vy, IL-18, and IL-6 in lungs of mice on Day 3. In all
graphs, the value for each mouse is plotted, and the line indicates the mean (= SD) value of each group, with significance according to the Student

t test (**P < 0.01 and ***P < 0.001).

infected mice (P = 0.002) compared with the control group (Fig-
ure 1C). The induction of the IL-33 transcript was significantly
and positively correlated with IFN-B transcript levels (Spearman
r = 0.846, P = 0.0005) (Figure 1H), and was negatively correlated
with loss of weight (Spearman r = —0.700, P = 0.011). These
results suggest an association between the onset of viral infection
and the expression of IL-33 during virally induced lung infection.

Because previous studies reported that the proinflammatory
cytokines TNF-a, IFN-y, IL-1B, and IL-6 induced IL-33 in hepa-
titis or pancreatitis (9, 21), we assessed the mRNA expression of
these cytokines on Day 3 after infection with a high dose of virus,
that is, 10° PFU/mouse, to characterize further the potential role
of TNF-a, IFN-vy, IL-1B, and IL-6 in virus-infected mice. We
found a significant increase (P < 0.05) in the mRNA expression
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of TNF-qa, IFN-y, IL-1B, and IL-6 in infected mice compared with
control mice (Figures 1D-1G). A significant correlation was ev-
ident between the mRNA induction of IL-33 with mRNA levels
of TNF-a, IFN-y, and IL-6, but not with IL-18 (Figure 1H).

Kinetics of mRNA Expression of IL-33, IL-6, TNF-«, IFN-vy,
and IL-18 with a Moderate Dose of Influenza Virus
Lung Infection

We further investigated the expression of proinflammatory cyto-
kines, including TNF-«, IFN-y, IL-1B, IL-6, and IL-33, with a
moderate dose of virus (1.5 X 10° PFU/mouse, i.e., 1 MLDsy),
from Day 2 up to Day 7 after infection. We also followed the viral
copy number during lung infection (from Day 0 to Day 7). Our
results indicated a high viral copy number on Day 2, a peak on
Day 3, and a raised viral copy number on Days 4-7 (Figure 2A).
The mRNA expression of IL-33 (Figure 2B), IL-6 (Figure 2C),
IL-18 (Figure 2D), IFN-y (Figure 2E), and TNF-a (Figure 2F)
presented a similar profile, with increased expression on Day 2,
a peak on Day 3, and maintained expression on Days 4-7. The
mRNA expression of IFN-y increases slowly, with maximum
mRNA expression on Day 7 (Figure 2E). These kinetics of cyto-
kine responses clearly evidenced IL-33 as a member of the classic
proinflammatory cytokines, namely, IL-6, IFN-y, TNF-«, and
IL-1PB, during the acute phase of viral lung infection.

Expression of IL-33 in Bronchoalveolar Endothelial
and Epithelial Cells during IAV Lung Infection

To investigate the expression of IL-33 during virus-induced pulmo-
nary infection, we performed histologic and co-immunolocalization

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 45 2011

IL-33
D3 D4 D7
Figure 2. Kinetics of mRNA expression of 1AV,
|L_1B IL-33, IL-6, TNFa, IFN-y, and IL-1B8 in lungs of
mice infected with a moderate dose of IAV. Mice
(C57BI/6) were killed on Day 0 or 2-7 days (D2,
D3, D4, and D7) after infection with 1.5 X 10°
PFU of IAV per mouse. Measures of mRNA ex-
pression of 1AV (A), IL-33 (B), IL-6 (C), IL-1B (D),
IFN-y (E), and TNF-a (F) in lung tissue by quan-
titative RT-PCR are represented as relative values
compared with noninfected mice (means *+ SD;
D3 D4 D7 n=3).
TNF-a
D3 D4 D7

studies. As expected, lung tissue revealed normal lung structure in
noninfected mice (Figure 3A), whereas IAV-infected mice man-
ifested the destruction of alveolar structure and accumulation of
infiltrate cells in the lumen of bronchi in virus-infected lungs (Fig-
ure 3B). At the cellular level, IL-33 was expressed in alveolar
epithelial and endothelial cells in naive lungs (Figures 3B and
3E, green) and in virus-infected lungs (Figures 3D and 3F). How-
ever, the infiltrate cells (pan-leukocytes, CD45") were strongly
increased in the lumen of bronchi of influenza-infected lungs (Fig-
ures 3D and 3F, pink), compared with naive lungs, as a conse-
quence of viral infection.

IL-33 Protein Is Up-Regulated during IAV Pulmonary
Infection of Mice

We also evaluated the level of protein expression of IL-33 in
virus-infected lungs versus naive lungs. The Western blot anal-
ysis of total proteins extracted from lung tissue indicated an in-
creased protein expression of IL-33, with 32-35-kD molecular
weights (active form) in virus-infected lungs (Figure 4A). Ratios
of signal densities of IL-33/B-actin clearly showed an increased
expression on Day 3 in post-infected lungs compared with non-
infected lungs (Figure 4B). These findings provide evidence that
the IL-33 observed in lungs is active and highly inducible during
pulmonary viral infections.

Increased Expression of Soluble Protein of IL-33 in BAL
of IAV-Infected Mice

To investigate the presence of IL-33 in BAL fluid, we measured
the protein expression of IL-33 by ELISA in both control and
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Figure 3. Co-immunolocalization of murine IL-33 (mIL-33) and CD45 in
lungs of mice infected with IAV and naive murine lungs on Day 3 after
infection. Mice were infected with a high dose of IAV (1 0° PFU/mouse) and
were killed 3 days after infection. Lungs from noninfected (4, C, and E) and
infected (B, D, and F) mice were collected and preserved in 4% formalin to
perform hematoxylin—eosin staining and the immunolocalization of IL-33
(green) and CD45 (pink). Nuclei were stained with 4’,6-diamidino-2-
phenylindole (blue). Scale bars = 50 um or 500 pm, as indicated.

virus-infected mice. We found a strong and significant (P = 0.009)
increase in the protein expression of IL-33 in the BAL fluid of
virus-infected mice compared with the control group (Figure 5).
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Figure 4. Western blot analysis of IL-33 protein expression in lungs of mice
infected or not infected with IAV. Mice were infected with a high dose (10°
PFU/mouse) of IAV and were killed on Day 3 after infection to harvest their
lungs. (A) Total protein extracts of lung tissues from either control (n = 4)
or infected mice (n = 8) were analyzed by Western blotting, using anti—
miL-33 antibody and anti-B-actin antibody as housekeeping protein. (B)
Signal densities of IL-33 and B-actin in virus-infected and control murine
lungs were measured by MultiGauge software for image analysis. The
ratios of signal densities of IL-33/B-actin are represented as means = SD
of each group (**P < 0.01, Student t test). A.U. = arbitrary unit.
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Figure 5. Quantification of soluble IL-33 protein in bronchoalveolar la-
vage (BAL) of mice infected with influenza virus. BAL fluids were collected
from mice infected (n = 8) or not infected (control, n = 4) with a high
dose (10° PFU/mouse) of 1AV, 3 days after infection. The value for each
mouse is plotted, and the line indicates the mean (+ SD) value of each
group, with significance according to Student t test (**P < 0.01).

In addition, we found a significant correlation (P = 0.026, r =
0.636) between the mRNA expression of IL-33 in the lungs and
the protein expression of IL-33 in the BAL fluid of the same mice.
These findings further suggest that IL-33 is induced and secreted
during the early phase of IAV lung infection.

Increased Expression of Soluble Protein of IL-33
in IAV-Infected Lung Epithelial Cells In Vitro

We investigated the release of IL-33 in a conditioned medium of
lung epithelial cells infected by IAV in vitro. We used the trans-
formed murine respiratory epithelial cell line, MLE-15, which
has many structural and biological features of alveolar Type
IT cells. We found a threefold increase (P < 0.001) of IL-33
mRNA expression in IAV-infected MLE-15 cells compared
with noninfected cells (Figure 6A). As expected, during such
culture conditions with the virus, the mRNA expression of IFN-
B was significantly augmented (P < 0.001) in IAV-infected
MLE-15 cells compared with noninfected cells (Figure 6B).
The kinetics of the mRNA levels of IL-33 in IAV-infected
MLE-15 cells revealed an increasing trend at 20 hours after
infection, reaching maximum levels at 40 hours after infection
(Figure 6C). Similarly, soluble IL-33 protein in a conditioned
medium of IAV-infected MLE-15 cells demonstrated a rising
trend at 20 hours after infection, with a peak of protein secre-
tion at 40 hours after infection (Figure 6D). Such a release
of IL-33 appears to be concomitant with the lysis of IAV-
infected cells (Figure 6E). We further examined the effects of
the infection of MLE-15 cells, using different strains (PRS,
HINT1; Udorn, H3N2; and Mass65, H6N2) of IAV, and mea-
sured the mRNA expression of IL.-33 accordingly. The PR8 and
Mass65 strains significantly induced the mRNA expression of
IL-33 at a moderate level, as with the WSN strain. However, the
Udorn strain induced more elevated (11.6-fold, P < 0.001) tran-
script levels of IL-33 compared with control samples, which may
be attributable to the increased cytopathic effect of the Udorn
strain in vitro (Figure 6F). These in vitro results further confirm
our in vivo findings of the induction of IL-33 in bronchial epi-
thelial cells and its release in BAL during IAV infection, sug-
gesting a role for IL-33 as an early cytokine mediator during
viral infection.
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Increased Expression of IL-33 in a Human Lung Epithelial Cell
Line during Infection with IAV

Finally, in terms of relevance to human disease, we infected the
human pulmonary epithelial cell line A549 (Type II pneumocyte
cell line) with different strains of influenza virus (WSN, PRS,
Udorn, and Mass65), and measured the mRNA expression of
IL-33 along with control samples. The WSN, PR8, and Mass65
strains induced a significant increase (~ 2-4-fold) of IL-33 at
transcript levels (Figure 7). However, the Udorn strain induced a
more profound (8-fold) increase in IL-33 mRNA expression in
human epithelial cell lines compared with control samples (Figure
7). These data strengthen the relevance of the induction of IL-33
in human pulmonary cells during infection with IAV, and suggest
a possible role for this cytokine in viral pulmonary infections.

DISCUSSION

1L-33, a novel IL-1 family member (also named IL-1F11), is no-
tably expressed and involved in lung pathologies such as asthma
(12), allergic airway inflammation (13), and acute pulmonary
inflammation (14). However, the expression and role of IL.-33
during infectious lung diseases have been little studied, espe-
cially during pulmonary infection with IAV. The aim of the
present study was to characterize the expression and release
of IL-33 in the lungs of IAV-infected mice.

The expression of IL-33 in lung tissue appears both constitu-
tive and inducible. Schmitz and colleagues (1) described high
concentrations of murine IL-33 mRNA in naive lungs, along

Figure 6. Expression of IL-33 in murine respiratory epithe-
lial (MLE-15) cells infected with IAV. MLE-15 cells were
infected or not infected with IAV at a multiplicity of infec-
tion (MOI) of 5. After 24 hours of infection, the expres-
sions of IL-33 (A) and IFN-B (B) mRNA were measured by
quantitative RT-PCR. The results were normalized with the
level of B-actin gene expression, and presented as relative
value of infected cells (n = 6) compared with noninfected
cells (n = 3). The kinetics of IL-33 mRNA expression (C)
and IL-33 protein secretion as quantified by ELISA in a con-
ditioned medium (D) of infected MLE-15 cells are shown.
(E) Representative photographs of MLE-15 cell culture af-
ter 24 hours of infection with IAV. MLE-15 cells were
infected with different strains of IAV, namely, WSN
(HTNT1), Puerto Rico 8 (PR8; H1N1), Udorn (H3N2), and
Massachusetts 65 (Mass65; H6N2), along with control
samples at an MOI of 5. (F) After 24 hours of infection,
the relative mRNA expression of mIL-33/B-actin was mea-
sured by quantitative RT-PCR. Data are expressed as mean
values (= SD), with significance according to Student t test
(*P < 0.05, **P < 0.01, and ***P < 0.001).

with the constitutive expression of IL-33 in smooth muscle cells
and bronchial epithelial cells. Our results confirm the high ex-
pression of IL-33 at both the transcriptional (relative and abso-
lute mRNA copy numbers: 11,000 IL-33 mRNA copies/20 ng
total RNA) and protein (200 pg/ml in BAL) levels in lungs,
and demonstrate IL-33—positive alveolar cells in noninfected
mice. Moreover, our findings indicate that the expression of
IL-33 is clearly induced in IAV-infected murine lungs, both at
the mRNA (relative and absolute copy numbers) and protein
levels. The overexpression of IL-33 at the protein level was ob-
served via Western blotting in total protein extracts of IAV-
infected murine lungs compared with naive lungs in vivo. This
finding is further supported by in vitro findings, because a three-
fold induction of IL-33 transcript and protein release was ob-
served in TAV-infected cultured lung epithelial cells compared
with noninfected cells.

Compared with other cytokines, the secretion or release of
IL-33 from cells may occur through a nonclassic secretion pro-
cess. Indeed, IL-33 was proposed to play the role of an “alarmin”
in the immune system during the death of necrotic cells, as does
HMGBI1. Moreover, IL-33 may be a “necrocrine,” released pas-
sively from the nucleus or cytosol when cells are lysed (22). In
lung pathologies, HMGB1 protein was recently reported to be
released and overexpressed in the BAL of mice infected with
RSV (23). Our results also demonstrated a robust release and
up-regulated expression of IL-33 protein (2.2-fold increase) in
the BAL of IAV-infected murine lungs. These data support the
proposed role of IL-33 as an alarmin mediator, much like
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Influenza AAWSN/1933 (H1N1) WSN +++
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Figure 7. Relative mRNA expression of IL-33 in human respiratory ep-
ithelial cells (A549) infected with different strains of IAV. A549 cells
were infected with different strains of IAV such as WSN, PR8, Udorn,
and Mass65, along with control samples, at an MOI of 5. After 24 hours
of infection, human IL-33 mRNA expression was measured by quanti-
tative RT-PCR. The results were normalized with the B-actin gene ex-
pression level and presented as relative values of infected cells (n = 3)
compared with noninfected control cells (n = 4). Data are expressed as
mean values (= SD), with significance according to Student t test (*P <
0.05, **P < 0.01, and ***P < 0.001).

HMGBI1 during pulmonary viral infections. These results are in
accordance with in vitro findings, where the amount of IL-33
protein in conditioned media of IAV-infected lung epithelial
cells increased with the lysis of cultured cell layers by virus.

In all experiments, we detected the full-length TL-33 (32-35 kD)
that represents the biologically active form. This finding sug-
gests that, at this step of the infectious process, IL-33 is not
cleaved and may act as a chemoattractant for lymphocytes, eosi-
nophils, Th2 cells, and dendritic cells, as previously reported
(4). Here we observed an important recruitment of infiltrate
cells during infection with IAV, as shown by the CD45 pan-
leukocyte marker. Among the functions that IL-33 can exert
in lung tissue, recent studies demonstrated that cytokines of
the IL-1 family (IL-1e, IL-1B, IL-18, and IL-33) play the role
of an adjuvant for the induction of mucosal immunity (increased
concentrations of IgA and IgG) against IAV (24), suggesting a
potent role for these cytokines, including IL-33, as co-enhancers
of the immune response in viral disease. Furthermore, IAV, like
HI1N]1, triggers severe damage to the lungs, and in consequence,
large amounts of proinflammatory cytokines are released and
aggravate the disease process (17). Our findings also demon-
strated a significant increase of TNF-«, IFN-y, IL-1B, and IL-6
in lungs of infected mice compared with control mice. A signif-
icant correlation was found between IL-33 and TNF-a, IFN-y,
and IL-6, but not with IL-1B3. Moreover, concentrations of IL-33,
IL-6, IL-1B, IFN-y, and TNF-a presented similar kinetics of the
mRNA expression profile. After its release in the lungs after viral
infection, IL-33 could play a role in the augmentation of disease
severity. Suppressing its effects by the anti-ST2 mAb during RSV
infection abrogated the lung pathology, providing evidence of
a detrimental contribution of IL-33 to airway inflammation (15).
Our findings coincide with recent studies that reported overex-
pressions of 1L-33, TNF-a, and IFN-y in severe asthma (12), or
an association of IL-33 and other inflammatory mediators such as
IL-5, IL-8, IL-13, and IgE with spontaneous pulmonary inflam-
mation in mice (14). Finally, the increased mRNA expression of
IL-33 in human and murine lung epithelial cells after infection

with different IAV strains further strengthens the relevance of
IL-33 to humans and a possible role of IL-33 during infection
with influenza virus.

In conclusion, our findings provide evidence for the profound
expression of IL-33 in [AV-infected lung tissue, in correlation
with other proinflammatory cytokines. In addition, in vitro
experiments demonstrated the important release of IL-33, in
accordance with the lysis of infected cells, suggesting a role
for this cytokine in virally induced pulmonary infection.
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