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Abstract t 

TT helper 1 driven immune responses facilitate host defense during viral infections. Since IL-

188 mediates in T helper 1 driven immune responses, and since mature IL-18 is upregulated in 

humann macrophages after influenza virus infection in vitro, it has been suggested that IL-18 

playss an important role in the immune response to influenza. To determine the role of IL-18 

inn respiratory tract infection with influenza, IL-18 gene deficient (IL-18"'") and normal wild 

typee mice were intranasally inoculated with influenza A virus. Influenza resulted in an 

increasee in constitutively expressed IL-18 in the lungs of wild type mice. The clearance of 

influenzaa A was inhibited by IL-18, as indicated by reduced viral loads on day 8 and day 12 

afterr infection in IL-18"'" mice. This enhanced viral clearance correlated with increased CD4+ 

TT cell activation in the lungs as reflected by CD69 expression on the cell surface. 

Surprisingly,, IFN-y levels were similar in the lungs of IL-18"'" mice and wildtype mice. 

Intracellularr IFN-y staining revealed similar expression levels in lung-derived NK cells, 

CD4++ and CD8+ T cells, indicating that IFN-y production is IL-18-independent during 

influenzaa virus infection. TNF-a production by CD4+ T cells was significantly lower in IL-

18"7""  mice than in wildtype mice. Our data indicate that endogenous IL-18 impairs viral 

clearancee during influenza A infection. 
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Introduction n 

Respiratoryy tract infection with influenza A virus is associated with fever, chills, cough, soar 

throat,, headache, general malaise and sometimes nausea and myalgia and may even lead to 

pneumoniaa [1,2]. Host defense against influenza virus infection is orchestrated by a complex 

interactionn between immune-regulatory cells and soluble mediators such as cytokines and 

chemokines.. Cellular immunity against respiratory tract infection with influenza virus is 

mediatedd by antigen presentation by macrophages and dendritic cells [3]. Cytokines and 

chemokiness produced by virus-infected cells facilitate the immune response against influenza 

viruss [4]. 

Interleukinn (IL)-18 is a monomeric cytokine, which is first synthesized as an inactive 

precursorr protein, pro-IL-18, and released upon cleavage by caspase-1 [5,6]. IL-18 has been 

shownn to induce proliferation and differentiation of T cells towards a T helper 1 (Thl) 

responsee and is an important cofactor in IL-12 induced interferon (IFN)-y production by 

naturall  killer (NK) and T cells [7]. In addition, IL-18 has been shown to exert 

proinflammatoryy effects on macrophages and neutrophils, making this cytokine a pleiotropic 

proinflammatoryy mediator [8, 9]. Whereas the central role of IL-18 in protective immunity 

againstt bacterial infections has been well established [5], the contribution of IL-18 in the host 

responsee to viral infection is less clear. Administration of IL-18 induced antiviral activity in 

micee infected with encephalomyocarditis [10] and vaccinia virus [11], and reduced mortality 

inn mice with herpes simplex virus type 1 infection [12]. Recent studies have implicated IL-18 

inn the host response to influenza A infection. IL-18 has been shown to be upregulated in 

humann alveolar macrophages during influenza virus infection [13, 14]. Furthermore, IL-18 

genee deficient mice (IL-18"" mice) displayed an impaired clearance of neurovirulent influenza 

AA virus-infected neurons from the brain after intracerebral infection [15]. However, influenza 

AA most commonly infects the airways. Therefore, in the present study we sought to determine 

thee role of IL-18 respiratory tract infection with influenza A. Of note, while our studies were 

inn progress Liu et al. reported that endogenous IL-18 improved early host defense against 

influenzaa A airway infection by augmenting NK cell mediated cytotoxicity [16]. 
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Materialss and methods 

Animals Animals 

Alll  experiments were approved by the Institutional Animal Care and Use Committee of the 

Academicc Medical Center of the University of Amsterdam. IL-18"'" mice were generated as 

describedd previously [17]. IL-18_/" mice were on the C57BL/6 background. Normal C57BL/6 

mice,, used as controls for IL-18'f' mice, were obtained from Harlan Sprague-Dawley (Horst, 

Thee Netherlands). Sex- and age-matched (8-week old) mice were used in all experiments. 

ExperimentalExperimental virus infection 

Influenzaa A/PR/8/34 (ATCC no. VR-95; Rockville, MD) was grown on LLC-MK2 cells 

(RIVM,, Bilthoven, Netherlands). Virus was harvested by a freeze/thaw cycle, followed by 

centrifugationn at 680g for 10 minutes. Supernatants were stored in aliquots at -80°C. Titration 

wass performed in LLC-MK2 cells to calculate the median tissue culture infective dose 

(TCID50)) of the viral stock [18]. A non-infected cell culture was used for preparation of the 

controll  inoculum. None of the stocks were contaminated by other respiratory viruses, i.e. 

influenzaa B, human parainfluenza type 1,2,3, 4A and 4B, RSV A and B, rhinovirus, 

enterovirus,, corona virus and adenovirus, as determined by PCR or cell culture. Viral stock 

wass diluted just before use in phosphate-buffered saline (PBS, pH 7.4). Mice were 

anesthetizedd by inhalation of isoflurane (Abbott Laboratories, Kent, UK) and intranasally 

inoculatedd with 10 TCID50 influenza (1400 viral copies) or control in a final volume of 50 ul 

PBS.. Additionally, in a seperate survival study mice were infected with 200 TCID50 influenza 

A. . 

DeterminationDetermination of IL-18 andpro-IL-18 levels in the lung 

Micee (6-8 mice per group) were anesthetized using 0.3 ml FFM (fentanyl citrate 0.079 mg/ml, 

fluanisonee 2.5 mg/ml, midazolam 1.25 mg/ml in H2O; of this mixture 7.0 ml/kg 

intraperitoneally)) and sacrificed by bleeding out the vena cava inferior. Lungs were harvested 

andd homogenized at 4°C in 4 volumes of sterile saline using a tissue homogenizer (Biospec 

Products,, Bartlesville, OK). Lung homogenates were lysed with an equal volume of lysis 

bufferr (300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% (v/v) Triton X-100, 20 

ng/mll  Pepstatin A, 20 ng/ml Leupeptin, 20 ng/ml Aprotinin, pH 7.4) and incubated for 30 

minutess on ice, followed by centrifugation at 680g for 10 minutes. Supernatants were stored 

att -80°C until further use. IL-18 and pro-IL-18 levels were determined in these homogenates 
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ass described previously [19, 20]. In brief, pooled samples of 8 mice per timepoint were 

reducedd with SDS sample buffer containing 20% (v/v) P-mercaptoethanol and denaturated for 

55 minutes at 95°C, of which 20 ul was separated on a SDS-polyacrylamide gel (15%) and 

subsequentlyy transferred to a PVDF membrane. Nonspecific binding sites on the membrane 

weree blocked by incubation in PBST buffer (PBS with 0.05% (v/v) Tween 20) containing 2% 

(w/v)) nonfat dry milk at 4°C overnight followed by incubation with primary Ab, i.e., 3 ug of 

purifiedd rat anti-mouse IL-18 mAb (R&D Systems, Abingdon, U.K.) for 1 h at room 

temperature.. After three washes with PBST buffer containing 0.2% (w/v) nonfat dry milk, the 

membranee was incubated with peroxidase-conjugated rabbit anti-rat IgG Abs (P0450; DAKO, 

Glostrup,, Denmark) in a 1/2000 dilution in PBST buffer containing 0.2% (w/v) nonfat dry 

milkk at room temperature. After washing, the IL-18 bands were visualized using Lumilight 

pluss ECL substrate (Roche, Darmstadt, Germany) and a chemoluminescence detector with a 

cooledd CCD camera (Genegnome, Cambridge, UK) from Syngene. Recombinant mouse 

(rm)pro-IL-188 and mature IL-18 (both 2 ug) were used as standards. rmIL-18 was obtained 

fromfrom R&D Systems; rmpro-IL-18 was kindly provided by Dr. C. A. Dinarello (University of 

Coloradoo Health Sciences Center, Denver, CO). 

IL-18IL-18 mRNA measurements in total lung-homogenates 

AA volume of 100 ul of total-lung-homogenates were treated with 1 ml Trizol reagent to 

extractt RNA. RNA was resuspended in 10 ul DEPC-treated water. cDNA synthesis was 

performedd using 5 ul of the RNA-suspension, Superscript reverse transcriptase and oligo 

dT155 primers. 2 ul out of 20 ul cDNA-suspension was used for amplification in a quantitative 

real-timee PCR reaction (Lightcycler Sequence Detector System, Roche, Mannheim, 

Germany).. A standard-curve was made using 10-fold dilutions of the amplification product. 

IL-188 mRNA expression levels were normalized for the amount of p-actin mRNA present in 

eachh sample. The following primers were used: 5*-ACGTGTTCCAGGACACAACA-3' 

(forwardd and 5'-ACAAACCCTCCCCACCTAAC-3' (reverse) for IL-18, 5'-

GCATTGCTGACAGGATGCAG-3'' (forward) and 5'-CCTGCTTGCTGATCCACATC-3' 

(reverse)) for p-actin. 

DeterminationDetermination of viral outgrowth 

Virall  load was determined on day 2,4, 8, and 12 after viral infection using real-time 

quantitativee PCR as described [21, 22]. cDNA synthesis was performed using 1 ul of the 

RNA-suspensionn and a random hexamer cDNA synthesis kit (Applera, Foster City, CA). 
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Fivee ul out of 25 ul cDNA-suspension was used for amplification in a quantitative real-time 

PCRR reaction (ABI PRISM 7700 Sequence Detector System). The viral load present in a 

samplee was calculated using a standard curve of particle couted influenza virus included in 

everyy assay run. The following primers were used: 5'-GGACTGCAGCGTAGACGCTT-3' 

(forward);; 5'-CATCCTGTTGTATATGAGGCCCAT-3' (reverse), 5'-

CTCAGTTATTCTGCTGGTGCACTTGCC-3'' (5'-FAM labelled probe). 

BronchoalveolarBronchoalveolar lavage lavage (BAL) 

Thee trachea was exposed through a midline incision and cannulated with a sterile 22-gauge 

Abbocath-TT catheter (Abbott, Sligo, Ireland). BAL was performed by instillation of two 0.5-

mLL aliquots of sterile saline into the right lung. The retrieved BAL fluid (approximately 0.8 

mL)) was spun at 260g for 10 min at 4°C and the pellet was resuspended in 0.5 mL sterile 

PBS.. Total cell numbers were counted using a Z2 Coulter Particle Count and Size Analyzer 

(Beckman-Coulterr Inc., Miami, FL). Differential cell counts were done on cytospin 

preparationss stained with modified Giemsa stain (Diff-Quick; Baxter, UK). 

CytokineCytokine assay 

Cytokinee levels in total-lung-lysates were were measured by Cytometric Bead Assay (CBA) 

(BDD Biosciences, San Jose, CA). The mouse inflammation CBA kit includes IL-12 p70, TNF-

a,, IFN-y, MCP-1, IL-10 and IL-6. The detection level for these cytokines is 2.5 pg/ml, i.e. 25 

pg/gg lungtissue. 

FlowFlow cytometry 

Pulmonaryy cell suspensions were obtained by dispersing the lung tissue through nylon sieves. 

Cellss (2 x I06) were collected in 96-well U-bottomed plates in FACS staining buffer (PBS 

withh 0.5% (w/v) bovine serum albumin). All samples were stained for 15 min at 4 °C with 

anti-CD4-PEE (clone RM4-5, Pharmingen), anti-CD8-APC (clone 53-6.7, Pharmingen) and 

anti-CD69-FITCC monoclonal antibodies (clone H1.2F3, Pharmingen). FACS analysis was 

donee on a FACS Calibur with Cell Quest software (Becton Dickinson, San Jose, CA). 

IntracellularIntracellular cytokine staining: 

Pulmonaryy cell suspensions were used for intracellular cytokine staining. Cells (2 x 106) were 

stimulatedd for 4 hr with 1 ng/ml PMA and 1 uM ionomycin in the presence of the protein-

secretionn inhibitor Brefeldin A (1 ug/ml, all from Sigma Chemical Co., St. Louis, MO). After 
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cell-surfacee staining with PE-conjugated anti-CD4 mAb (clone RM4-5) and FITC-conjugated 

anti-CD88 mAb (clone 53-6.7, Pharmingen) in FACS staining buffer, cells were washed 

followedd by fixation (5 min, 4% PFA (w/v) in PBS) and permeabilization (30 min, 0.1% 

saponinn in FACS staining buffer). Next, cells were incubated for 30 min in FACS staining 

bufferr supplemented with 0.1% (v/v) saponin, 5% (v/v) normal mouse serum, and 2.5 ug/ml 

CD16/CD322 Fc Block. Cells were then incubated for 30 min with APC-conjugated anti-TNF-

aa mAb (clone MP6-XT22) or biotinylated anti-IFN-y mAb (clone XMG1.2) (all from 

Pharmingen)) in FACS staining buffer with 0.1% saponin. FACS analysis was done on a 

FACSCaliburr with Cell Quest software (Becton Dickinson). 

StatisticalStatistical analysis 

Dataa are expressed as mean  SE. Comparison between the groups was conducted by using 

thee Mann-Whitney U test. Two-way ANOVA was used to analyse viral load in the lungs as a 

functionn of time. P < 0.05 was considered to represent a statistical significant difference. 

Results s 

UpregulationUpregulation ofIL-18 during influenza virus infection in mice 

Too determine whether IL-18 is induced during influenza virus infection, mice were inoculated 

withh influenza virus and sacrificed on day 1, 4, 8 and 14 after infection. Western blot analysis 

off  total-lung lysates clearly showed that mature IL-18 was upregulated on day 4 and 8 and 

wass still elevated on 14 days after infection (Figure 1A). 

Figuree 1: IL-18 expression in the lungs after 
influenzaa virus infection. Pulmonary IL-18 
levelss after infection with influenza virus 
infectionn were measured by Western blot 
(A).. Each lane represents pooled total-lung-
homogenatess of 8 mice. Samples were 
normalizedd for total protein content before 
theyy were pooled. Pro-IL-18 and IL-18 
bandss were identified by using recombinant 
mousee pro-IL-18 and mature IL-18. IL-18 
mRNAA expression (B) was measured by 
real-timee quantitative PCR (8 mice per time-
point,, except control group (4 mice)). 
Expressionn levels were normalized for 0-
actinn m-RNA expression. Data are expressed 
ass mean  SE. * p < 0.05 vs control mice. 

- proIL-1* 

11 4 8 14 C t(days) 

BB 0.02 

EE B 
coo Z 0.01 

o.ooJ J 
controll day 4 day 8 day 12 
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Pro-IL-188 was not upregulated during influenza virus infection in mice, suggesting that IL-18 

levelss increased by activation through caspase-1. Of note, a third band running at 

approximatelyy 30 kDa was clearly upregulated on day 8 and day 14 after infection. Real-time 

quantitativee PCR revealed that IL-18 mRNA was constitutively present in the lungs and did 

nott increase during influenza infection (Figure IB). Remarkably, IL-18 mRNA is 

downregulatedd on day 8 after influenza infection (p < 0.05 vs control mice). 

RecoveryRecovery from influenza infection is enhanced in IL-18 gene deficient mice 

Losss of bodyweight can be used as a marker to follow the course of influenza infections in 

micee [23]. Bodyweight of wildtype and IL-18"'" mice was measured on day 0 and the day the 

micee were sacrificed (8 mice per group per time-point). Bodyweight declined in all mice 

betweenn day 4 and day 8 after infection. Both wildtype mice and IL-18"" mice had regained 

theirr normal bodyweight on day 12 after infection. Remarkably, IL-18-/- mice, but not wild 

typee mice, showed a slight increase in bodyweight (p = 0.03, Figure 2A). These data indicate 

thatt IL-18"" mice may have recovered more rapidly from influenza virus infection than 

wildtypee mice. This observation was confirmed by enhanced viral clearance in IL-18 " mice. 

 wildtype 

 IL-18-/-

t(days ) ) 

10 0 
O) ) 
c c 
_3 3 

"35 5 
<u u 
'a. . 
o o 
u u 
< < 
z z 
O) ) 

o o 

 inoculum 
p<0.00011 (ANOVA) 

12 2 

t(days ) ) 

Figuree 2: Bodyweight and viral load in lungs. Bodyweight was measured on day 0, 4, 8 and 12 after influenza 
viruss infection. Data are expressed as change in bodyweight compared to day 0 (mean  SE, 6-8 mice per 
group).. * p < 0.05 vs control mice. Viral load was determined on day 4, 8 and 12 after influenza virus infection 
(6-88 mice per group) in IL-18"'" mice (open squares) and wildtype mice (filled squares). Viral load is expressed 
ass viral RNA copies per lung (mean  SE). In control mice influenza was not detected (4 mice per time-point, 
dataa not shown). 
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Virall  replication occurred between day 0 and day 2 after infection. Thereafter, influenza virus 

wass effectively cleared from the lung (Figure 2B). On day 2 and day 4 after infection, IL-18"'" 

micee and wildtype mice displayed similar viral loads. Thereafter, IL-18"'" mice showed a 90% 

reductionn in viral load on day 8 and a 75% reduction in viral load on day 12 after infection (p 

<< 0.0001). Taken together, IL-18"'" mice recover more rapidly from influenza virus infection 

thann wildtype mice which corresponded with an accelerated viral clearance. 

100 0 

80--

rere 60-
> > 
3 3 

CO O 

40 0 

20H H 

0 0 

% % 

 wildtype 

IL-18"'" " 

00 2 4 -e--

Figuree 3: Survival after influenza 
viruss infection in wildtype mice and 
IL-188 mice. Survival after influenza 
infectionn in wildtype mice (filled 
squares)) and IL-18"" mice (open 
squares).. All mice (9 mice per group) 
receivedd 200 TCID50 influenza virus 
intranasallyy on day 0. Mice were 
monitoredd at least twice a day after 
infection. . 

66 8 10 12 14 16 18 20 

t (days) ) 

Survival Survival 

Too further assess the role of IL-18 during influenza virus infection, we inoculated mice with a 

lethall  dose of influenza virus (200 TCID50). Lethality was monitored at least twice a day after 

influenzaa infection in wildtype mice and IL-18"'"mice (9 mice per group). No significant 

differencess were observed between wildtype mice and IL-18"'"mice (Figure 3). These data 

indicatee that, despite accelerated viral clearance, a lack of IL-18 does not improve survival 

afterr lethal infection with influenza virus. 

Tablee 1: Leukocytes in bronchoalveolar lavage fluid on day 4 and day 8 after influenza virus infection. 

xx 103 

totall  cell count 

granulocytes s 

macrophages s 

lymphocytes s 

wildtype e 

2044  42 

522 6 

1433 0 

5.88 8 

Dayy 4 

IL-18-/--

2244 7 

700 6 

1555 4 

2.99 8 

wildtype e 

19233 5 

2233  65 

3 3 

1799 0 

Dayy 8 

IL-18-/--

8433  204 

1911 9 

6766 1 

477 * 

Leukocytee counts (6 mice per group for each time-point) are expressed as absolute numbers (x 100- All data are 
meann  SE. * p < 0.05 compared to wildtype mice. 
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CellsCells in BAL fluid 

Too address the role of IL-18 in recruitment of immune cells to the pulmonary compartment 

afterr influenza virus infection, BAL was performed on day 4 and day 8 after infection. No 

significantt differences between wildtype mice and IL-18"'' mice were observed on day 4 after 

infectionn (Table 1). Total cells counts tended to be lower in IL-18-/- mice on day 8 after viral 

infectionn (p = 0.065). Lymphocyte numbers were significantly lower in IL-18"'" mice than in 

wildtypee mice. Neutrophil and macrophage numbers were also lower in IL-18-/- mice, but the 

differencess were not significant (p = 0.093 and p = 0.132 respectively). These data indicate 

thatt reduced viral load in the lungs correlates with lower cell numbers in BAL fluid. 

TNF-a a IL-6 6 
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IL-188 -/-
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Figuree 4: Cytokine expression in the lungs of IL-18"" mice. TNF-a, IL-6, IFN-y and MCP-1 levels in total-lung 
homogenateshomogenates were measured in IL-18"" mice (open bars) and wildtype mice (filled bars) on day 2,4, 8 and 12 
afterr influenza virus infection (4-8 mice per group). Data are expressed in pg/g lungtissue (mean  SE). * p < 
0.055 vs wildtype mice. BD = below detection-level i.e. 25 pg/g lungtissue. Please note that IL-10 and IL-12 
levelss were below detection levels at all time-points. 
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PulmonaryPulmonary cytokine levels 

Too assess whether IL-18 is involved in influenza-induced cytokine expression, a cytometric 

beadd assay was performed on total-lung-lysates on day 2,4, 8 and 12 after infection. TNF-a 

andd MCP-1 levels in the lungs of IL-18"" mice were significantly lower on day 8 after 

influenzaa virus infection. IL-6 levels on day 8 after infection were trendwise (p < 0.1) lower 

inn IL-18"'" mice than in wildtype mice. A trend towards lower production of TNF-a and MCP-

11 by IL-18"7" mice was observed on day 2 after infection. Remarkably, IFN-y levels were 

similarr in wildtype mice and IL-18-/- mice on day 4, day and day 12 after viral infection, 

whilee IFN-y was not detectable on day 2 after infection. IL-10 and IL-12 were not detectable 

onn any time-point included in this study. 

DX5+ + CD4+ + CD8+ + 

wildtypee IL-18-/- wildtypee IL-18-/- wildtypee IL-18 -/-

Figuree 5: : Cell-specific IFN-y production. 2 x x 106 cells, isolated from the lungs on day 8 after viral infection (7 
micee per group), were incubated with PMA/ionomycin and Brefeldin A for 4 hours at 37°C. After incubation, 
cellss were washed twice with PBS supplemented with 0.5% BSA and subsequently stained with DX5-PE, CD4-
FITCC or CD8-PE. After fixation, the cells were left overnight for permeabilization and subsequent staining with 
IFN-y-APCC mAbs. Cell-specific IFN-y production in leukocytes derived from the lungs of IL-18"" mice (open 
bars)) and wildtype mice (closed bars) was measured by F ACS analysis and expressed as percentage (mean  SE) 
off  total DX5+ cells, CD4+ cells and CD8+ cells. 

IntracellularIntracellular cytokine staining 

Althoughh IFN-y levels were similar in wildtype mice and IL-18"" mice, it cannot be excluded 

thatt IFN-y was produced by different cell-types in these mouse-strains. To assess differences 

inn IFN-y production in IL-187" mice and wildtype mice, lung-derived leukocytes were 

incubatedd with PMA/ionomycin and Brefeldin A and subsequently stained for CD4, CD8 (T 

cells)) or DX5 (NK cells) and IFN-y. None of these cell-populations showed a significant 

differencee in IFN-y production between wildtype mice and IL-18"7" mice (Figure 5). Since 

IFN-yy levels in total-lung-lysates were similar in wildtype and IL-18"7" mice and since IFN-y 
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wass produced in equal amounts by T cells and NK cells, it can be concluded that IFN-y 

productionn during influenza infection in mice is independent of IL-18. In contrast to IFN-y 

production,, TNF-a synthesis by CD4+ T cells was significantly lower in IL-18"'" mice than in 

wildtypee mice (p = 0.015, Figure 6). TNF-a production by CD8+ T cells was similar in both 

mouse-strainss on day 8 after influenza virus infection. TNF-a levels in total-lung lysates were 

significantlyy lower in IL-18"7" mice than in wildtype mice on day 8 after viral infection (Figure 

4). . 

CD4+ + 

wildtype e IL-18-/--

CD8+ + 

wildtype e IL-18-/--

Figuree 6: Cell-specific TNF-a production. 2 x x 106 cells, isolated from the lungs on day 8 after viral infection (7 
micee per group), were incubated with PMA/ionomycin and Brefeldin A for 4 hours at 37°C. Cells were stained 
withh CD4-FITC, CD8-PE and TNF-a-APC mAbs. Cell-specific TNF-a production in leukocytes derived from 
thee lungs of IL-18"" mice (open bars) and wildtype mice (closed bars) was measured by FACS analysis and 
expressedd as percentage (mean  SE )of CD4+ cells and CD8+ cells. 

Inn contrast to IFN-y production, TNF-a synthesis by CD4+ T cells was significantly lower in 

IL-18"'""  mice than in wildtype mice (p = 0.015, Figure 6). TNF-a production by CD8+ T cells 

wass similar in both mouse-strains on day 8 after influenza virus infection. TNF-a levels in 

total-lung-lysatess were not elevated in both wildtype and IL-18~'~ mice (data not shown). 

IL-18IL-18 inhibits T cell activation 

Too further investigate the role of IL-18 during influenza virus infection in mice, the activation 

statuss of T lymphocytes was characterized by means of CD69 expression. On day 8 after viral 

infection,, CD4+ T lymphocytes of IL-18"" mice demonstrated a significantly higher CD69 
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expressionn than CD4+ T lymphocytes of wildtype mice (Figure 7). CD69 expression on 

CD8++ T lymphocytes was similar in IL-18"" and wildtype mice (Figure 7). This suggests that 

IL-18,, directly or indirectly, inhibits activation of CD4+ T lymphocytes. 

CD4+ + CD8+ + 

wildtype e IL-18-/-- wildtype e IL-18-/--

Figuree 7: CD69 expression on T cells. CD69 expression on lung-derived CD4+ and CD8+ T cells in IL-18"7" 
micee (open bars) and wildtype mice (closed bars) on day 8 after influenza virus infection (6 mice per group). 
Dataa are expressed as percentage of total number of CD4+ and CD8+ T cells in the lungs (mean  SE). 

Discussion n 

Hostt defense against respiratory tract infections with influenza virus is orchestrated by a 

complexx interaction between immune cells and regulatory cytokines. IL-18 was originally 

describedd as an important cofactor for IFN-y release by NK cells and T cells, especially in 

combinationn with IL-12 [7], IL-18 has also been implicated in NK cell and T cell proliferation 

[7,, 16, 24], Fas ligand expression in T cells [25, 26] and neutrophil recruitment and activation 

[9].. Considering these pleiotropic actions, endogenous IL-18 may influence the immune 

responsee to viral respiratory tract infections at multiple levels. In the present study, we 

investigatedd the role of IL-18 during influenza infection in mice. Western blot analysis 

revealedd that virus-infected mice displayed an increase in mature IL-18 in their lungs. Since 

pro-IL-188 was not induced in the lungs of infected mice and since IL-18 mRNA even 

decreasedd after influenza virus infection, it can be concluded that IL-18 production after 

influenzaa virus infection in mice is dependent on proteolytic cleavage of pro-IL-18. In line, 

Pirhonenn et al. showed that IL-18 release by human macrophages after influenza virus 

infectionn is regulated by proteolytic cleavage byy caspase-1 and/or caspase 3 [13, 14]. Of note, 
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IL-188 was constitutively expressed in lungs, which is in agreement with earlier studies [21, 

27,, 28]. Our data also indicate that a third band, running at approximately 30 kDa, is 

upregulatedd on day 8 and day 14 after viral infection. A similar expression pattern was 

observedd in human macrophages after infection with influenza A [29]. It remains unclear 

whetherr pro-IL-18 exists as two seperate isoforms or that sugar-moieties attached to pro-IL-

188 cause a shift on western blot. Recently, a non-cleavable isoform of pro-IL-18 has been 

discoveredd in ovarian carcinoma cells [30]. However, this non-cleavable isoform has been 

reportedd to run at 24 kDa and therefore indistighuisable from pro-IL-18. Further research is 

requiredd to identify the nature of this 30 kDa band. 

IL-188 has been shown to induce Thl mediated immune responses [7, 24]. Since Thl 

responsess are implicated in host defense against viral infections, IL-18 has been claimed to 

playy an important role during respiratory tract infection with influenza virus [4]. Our data 

indicatee that viral clearance is accelerated in IL-18"" mice, suggesting that endogenous IL-18 

hamperss host defense against influenza virus rather than augments it. This enhanced viral 

clearancee could be explained in part by enhanced CD4+ T cell activation in IL-18"" mice as 

reflectedd by increased CD69 expression. Although these data indicate that endogenous IL-18 

inhibitss CD4+ T cell activation during influenza, we consider it unlikely that Th cell 

activationn is directly diminished by IL-18. Interestingly, while our study was in progress, Liu 

ett al. showed that early host defense against influenza virus was hampered in IL-18" mice as 

aa consequence of reduced NK cell mediated cytotoxicity [16]. Although Liu et al. used the 

samee mouse strain as well as the same influenza virus strain, some remarkable differences 

existt between their study and ours. First of all, Liu et al. found that virus titres in the lung on 

dayy 2 were significantly increased in IL-18"/_ mice, while our data indicate that viral 

outgrowthh is neither impaired nor enhanced in IL-18"" mice on day 2 after infection. 

Moreover,, viral clearance appears to be accelerated in IL-18"" mice in our study, while Liu et 

all  found no differences between the two mouse strains from day 4 to 9. Of note, we 

determinedd viral load by real-time quantitative PCR, while Liu et al. used a standard plaque 

assay.. The major difference between these two methods is that a standard plaque assay only 

detectss viable virus, i.e. virus that has been shedded by infected cells, whereas molecular 

techniquess detect all viral particles. The differences between the two studies may be explained 

byy different preparation of the viral stocks as well. Our influenza stock was grown in LLC-

MK22 cells, while the viral stock used by Liu et al. was prepared in thee allontoic cavity of 

chickenn eggs. This difference may result in altered glycosylation patterns of the viral envelope 

66 6 



Rolee of IL-18 during influenza infection 

andd may affect the virulence as well. Besides, Liu et al. used a sub-lethal inoculum, at least in 

IL-18"""  mice, while our study describes a non-lethal model for both mouse strains. When we 

administeredd a lethal dose, no difference in lethality between IL-18"" and wildtype mice was 

found,, which is in accordance with the study by Liu et al. The study by Liu et al. indicated 

thatt IFN-y levels were significantly reduced on day 2 after infection, while IFN-y was not 

detectablee in our study on day 2 after infection. IFN-y levels were not significantly different 

onn day 4, 8 and 12 after infection. Our data indicate that TNF-a and MCP-1 levels are 

significantlyy reduced on day 8 after viral infection. Since TNF-a and MCP-1 can be produced 

byy several cell types, it remains unclear whether IL-18 targets macrophages or T cells. The 

factt that CD4+ T cells showed lower production of TNF-a does not exclude a contribution of 

macrophagess in this model for influenza virus infection. The reduced TNF-a production by 

CD4++ T cells may have contributed to the enhanced CD4+ T cell activation in IL-18"7" mice. 

Indeed,, endogenously produced TNF-a has been shown to inhibit T cell activation. Cope et 

al.. showed that treatment with anti-TNF-a alone enhanced HNT-TCR transgenic CD4+ T cell 

activationn after stimulation with HA peptide, while exogenous TNF-a reduced HA-peptide 

inducedd CD4+ T cell activation [31]. In line with our current finding, Puren et al. showed that 

IL-188 is able to induce TNF-a production in non-CD 14+ mononuclear cells [26]. Whether 

CD699 expression on CD4+ T cells is directly affected by IL-18 or that endogenous TNF-a 

mediatess the activation of CD4+ T cells remains to be determined. 

Besidess reduced viral loads and reduced TNF-a and MCP-1 levels, IL-18"7" mice showed 

reducedd numbers of lymphocytes. This reduced number of lymphocytes could be the 

consequencee of the reduced viral load in the lungs. Alternatively and not mutually exclusive, 

lowerr T cell numbers in BAL fluid may be due to impaired T cell recruitment to the lungs. 

Althoughh IL-18 has been shown to have chemotactic properties [9], it has never been 

implicatedd in T cell recruitment. MCP-1, which was reduced in IL-18"7" mice, is primarily 

involvedd in monocyte recruitment. 

IL-188 has been described to be an important cofactor in the induction IFN-y production in NK 

cellss and T cells [7, 8]. Earlier in vitro investigations have established that IL-18 derived from 

influenzaa infected macrophages contributes to IFN-y release by NK and T cells [32]. Our data 

indicatee that IFN-y production by NK-cells and CD4+ and CD8+ T cells was similar in 

wildtypee and IL-18"" mice during influenza A infection in vivo. Moreover, IFN-y levels in 
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total-lung-homogenatess were also similar in both mouse-strains. Taken together, we may 

concludee that IFN-y production during influenza virus infection in mice is regulated in an IL-

188 independent fashion. This finding is not unique; other conditions in which IL-18 does not 

contributee to IFN-y production include staphylococcal enterotoxin B (SEB) induced systemic 

inflammationn and whole blood stimulation with SEB and toxic shock syndrome toxin-1 [33, 

34] ] 

IL-188 is a pluripotent proinflammatory cytokine that is an important component of the host 

responsee to infection. The functional diversity of this cytokine is illustrated by widespread 

expressionn of the IL-18 receptor, a member of the IL-l/TI R family. TLR7, also a member of 

thee IL-l/TI R family, has recently been implicated in host response against influenza virus as 

well.. Bone marrow derived plasmacytoid dendritic cells (DC) from TLR7"" mice failed to 

producee IFN-a and IL-12 after stimulation with influenza virus and vesicular stomatitis virus 

[35].. These data indicate that IL-l/TI R family members play a critical role in response to 

single-strandedd RNA viruses. Plasmacytoid dendritic cells have also been shown to express a 

functionall  IL-18R [36]. Whether IL-18 induced DC activation plays a critical role in host 

defensee against influenza virus remains to be elucidated. 

Wee demonstrate that constitutively present IL-18 is upregulated in the lungs of mice infected 

withh influenza A. Surprisingly, IL-18 deficiency was associated with an accelerated viral 

clearancee accompanied by an enhanced activation of CD4+ T cells. In light of our present 

findings,, it could be suggested to use neutralizing antibodies against IL-18 as therapy for 

influenzaa infections. Further research is required to determine the efficacy of anti-IL-18 

antibodies.. The IFN-y mediated antiviral response is likely not affected by anti-IL-18 

treatment,, since our data indicate that IFN-y release is independent of IL-18 during influenza 

viruss infection. The mechanism by which IL-18 inhibits viral clearance and/or T cell 

activationn remains to be determined. 
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