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Abstract t 

Influenzaa virus airway infection induces local expression of the tryptophan-catabolizing 

enzymee indoleamine 2,3-dioxygenase (IDO). IFN-y induced expression of IDO in airway 

epitheliall  cells results in exaggerated IL-6 and IL-8 responses when exposed to secondary 

stimulii  such as TNF-a and LPS. Since secondary bacterial infections occuring shortly after 

influenzaa recovery are associated with enhanced inflammatory responses, we hypothesized 

thatt IDO activity contributes to the enhanced response to bacterial challenges in mice 

previouslyy infected with influenza virus. We inoculated C57B1/6 mice intranasally with 104 

CFUU S. pneumoniae (serotype 3) on day 14 after infection with 10 TCID50 influenza 

A/PR/8/34.. On day 12 after viral infection, matrix-driven delivery pellets containing 70 mg of 

thee IDO inhibitor 1-methyl-DL-tryptophan (MeTrp) released over a period of 7 days were 

subcutaneouslyy implanted. MeTrp treatment resulted in a 20-fold reduction of pneumococcal 

outgrowthh 48 hours after bacterial inoculation. Pulmonary levels of TNF-a and IL-10 were 

significantlyy reduced in mice treated with MeTrp. Our data indicate that IDO expression 

duringg influenza virus infection amplifies the inflammatory response and facilitates the 

outgrowthh of pneumococci during secondary bacterial pneumonia. 
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Rolee of IDO during post-influenza pneumonia 

Introductio n n 

Secondaryy bacterial pneumonia is a serious complication during or shortly after influenza 

viruss infection. Bacteria such as Staphylococcus aureus and Haemophilus influenzae are 

knownn to cause post-influenza pneumonia, but Streptococcus pneumoniae is the most 

prominentt pathogen causing secondary bacterial pneumonia in recent decades [1,2]. Several 

studiess indicated that viral airway infections and bacterial components such as staphylococcal 

enterotoxinn B (SEB) and lipopolysaccharide (LPS) synergize to produce high amounts of pro-

inflammatoryy mediators like TNF-a, IL-i p and IL-6, which contribute to the severe outcome 

off  secondary bacterial complications during or shortly after influenza infection [3-5]. In line, 

wee recently found that post-influenza pneumococcal pneumonia is associated with an 

excessivee uncontrolled inflammatory response in the lungs of mice [6]. In particular, 

excessivee IL-10 production hampered the host defense against S. pneumoniae. However, the 

underlyingg mechanisms of enhanced inflammatory responses to bacteria and bacterial 

componentss after viral infection are poorly understood. 

Duringg influenza A infection, IFN-y is produced by NK cells and T-cells, which results in an 

antivirall  immune response [7]. IFN-y also plays an important role in the activation of 

macrophagess and epithelial cells leading to an exaggerated inflammatory response [8, 9]. 

Recently,, we found that IFN-y-treated airway epithelial cells show an enhanced IL-6 and IL-8 

responsee upon stimulation with either TNF-a or LPS in vitro [10]. The underlying mechanism 

involvedd the induction of indoleamine-2,3-dioxygenase (IDO), which depletes the essential 

aminoo acid, tryptophan. Methyltryptophan, a specific inhibitor of IDO, reversed this increased 

IL-66 and IL-8 production, indicating that IDO is a key player in the synergism between IFN-y 

andd TNF-a on IL-6 and IL-8 production by airway epithelial cells. 

Sincee IDO is upregulated during airway infection with influenza virus in mice [11, 12] and 

sincee influenza virus predisposes to an enhanced inflammatory response upon infection with 

S.S. pneumoniae [3-6], we hypothesized that IDO may play an important role in secondary 

bacteriall  pneumonia. To investigate the role of IDO during secondary bacterial pneumonia 

afterr recovery from influenza infection, mice were intranasally inoculated with influenza virus 

andd 14 days later intranasally infected with S. pneumoniae. On day 12 after viral infection, i.e. 

22 days before infection with S. pneumoniae, we implanted matrix-driven-delivery pellets 
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containingg 1-methyl-DL-tryptophan. The study presented here indicates that inhibition of IDO 

reducedd IL-10 production and the outgrowth of pneumococci during postinfluenza 

pneumonia. . 

Materiall  and methods 

Mice Mice 

Pathogen-freee 8 week-old female C57B1/6 mice were obtained from Harlan-Sprague Dawley 

Inc.. (Horst, Netherlands) and maintained at biosafety-level 2. All experiments were approved 

byy the Animal Care and Use Committee of the Academic Medical Center, University of 

Amsterdam. . 

ExperimentalExperimental infection protocol 

Influenzaa A/PR/8/34 (ATCC 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 [13]. 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, Sendai virus, RSV A and B, 

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

Virall  stock and control stock were diluted just before use in phosphate-buffered saline (PBS, 

pHH 7.4). Mice were anesthesized by inhalation of isoflurane (Abbott Laboratories, Kent, UK) 

andd intranasally inoculated with 10 TCID50 influenza (1400 viral copies) or control inoculum 

inn a final volume of 50 ul PBS. Pneumococcal pneumonia was induced 14 days after 

inoculationn with influenza or control suspension according to previously described methods 

[14,, 15]. In brief, S. pneumoniae serotype 3 (ATCC 6303; Rockville, MD) was cultured for 

166 hours at 37°C in 5% C02 in Todd Hewitt broth. This suspension was diluted 100 times in 

freshh medium and grown for 5 hours to midlogarithmic phase. Bacteria were harvested by 

centrifugationn at 2750 g for 10 minutes at 4°C and washed twice with ice-cold saline. After 

thee second wash, the bacteria were resuspended in saline and diluted to a concentration of 2 x 

1055 colony forming units (CFU) per ml, which was verified by plating out 10-fold dilutions 

ontoo blood-agar plates. Mice were anesthetized by inhalation with isoflurane and were 

inoculatedd with 50 ul of the bacterial suspension (104 CFU S. pneumoniae). Bodyweight was 
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measuredd at several time-points during the course of the first 14 days of the study to verify 

whetherr viral infection resulted in a transient decrease in bodyweight, and 48 hours after 5. 

pneumoniaepneumoniae infection. Placebo pellets or matrix-driven delivery pellets (Innovative Research 

off  America, Sarasota, FL) containing 70 mg 1-methyl-DL-tryptophan (Sigma-Aldrich, St 

Louis,, MO) released over a period of 7 days were subcutaneously implanted in the neck of 

micee two days before pneumococcal infection under isoflurane-anesthesia [16, 17]. 

Alternatively,, 10 mg 1-methyl-D-tryptophan (Sigma-Aldrich, St Louis, MO) was given 

intraperitoneallyy 18 hours and 6 hours before pneumococcal infection and 6 hours after 

pneumococcall  infection. 

DeterminationDetermination of viral outgrowth 

Virall  load was determinedd on day 4, 8, 12 and 14 after viral infection and 48 hours after 

pneumococcall  infection (i.e. 16 days after viral infection) using real-time quantitative PCR as 

describedd [6,18, 19]. Mice (8 mice per time-point) were anesthetized using 0.3 ml FFM 

(fentanyll  citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H2O; of this 

mixturee 7.0 ml/kg intraperitoneally) and sacrificed by bleeding out the vena cava inferior. 

Lungss were harvested and homogenized at 4°CC in 4 volumes of sterile saline using a tissue 

homogenizerr (Biospec Products, Bartlesville, OK). Hundred ul of lung homogenates were 

treatedd with 1 ml Trizol reagent to extract RNA. RNA was resuspended in 10 ul DEPC-

treatedd water. cDNA synthesis was performed using 1 ul of the RNA-suspension and a 

randomm hexamer cDNA synthesis kit (Applera, Foster City, CA). 5 ul out of 25 ul cDNA-

suspensionn was used for amplification in a quantitative real-time PCR reaction (ABI PRISM 

77000 Sequence Detector System). The viral load present in each sample was calculated using 

aa standard curve of particle-counted influenza virus (virus particles were counted by electron 

microscopy),, included in every assay. The following primers were used: 5'-

GGACTGCAGCTGAGACGCT-3'' (forward); 5'-CATCCTGTTGTATATGAGGCCCAT-3' 

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

DeterminationDetermination of bacterial outgrowth 

Seriall  10-fold dilutions of the lung homogenates in sterile saline and 10 ul volumes were 

platedd out onto blood-agar plates. Plates were incubated at 37°C at 5% CO2 and CFUs were 

countedd after 16 hours. 
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IDOIDO expression in total-lung-lysates 

Lungg homogenates were lysed with an equal volume of lysis buffer (300 mM NaCl, 30 mM 

Tris,, 2 mM MgCl2, 2 mM CaCl2, 1% (v/v) Triton X-100, 20 ng/ml Pepstatin A, 20 ng/ml 

Leupeptin,, 20 ng/ml Aprotinin, pH 7.4) and incubated for 30 minutes on ice, followed by 

centrifugationn at 680g for 10 minutes. Supematants were stored at -80°C until further use. 

IDOO expression was determined by Western blotting as described previously [20]. In brief, 

sampless were reduced with SDS sample buffer containing 20% P-mercaptoethanol (1:1) and 

denaturatedd for 5 minutes at 95°C, of which 20 ul, i.e.50 jig protein per sample, was loaded 

ontoo SDS-PAGE (12%) and subsequently transferred to a PVDF membrane. Nonspecific 

bindingg sites on the membrane were blocked by incubation in TBST buffer (TBS with 0.05% 

(v/v)) Tween-20) containing 5% (w/v) nonfat dry milk and 1% (w/v) bovine serum albumin at 

roomm temperature, followed by overnight incubation at 4°C with primary Ab, i.e. 1/3000 

dilutionn of a polyclonal rabbit anti-mouse IDO antibody (kindly supplied by Andrew L. 

Mellor,, Augusta, Georgia). After three washes with TBST buffer containing 0.5% (w/v) 

nonfatt dry milk, the membrane was incubated with peroxidase-conjugated goat anti-rabbit 

IgGG Abs (Bio-rad, Veeenendaal, Netherlands) in a 1/5000 dilution at room temperature. After 

washing,, the PVDF membranes were developed using Lumilight plus ECL substrate (Roche, 

Darmstadt,, Germany) and a chemoluminescence detector with a cooled CCD camera 

(Syngene,, Cambridge, UK). 

TryptophanTryptophan and kynurenine measurements in plasma 

Tryptophann and kynurenine levels in plasma were measured by HPLC according to 

previouslyy described methods with minor modifications [21, 22]. Blood was collected in 

heparin-containingg tubes. Plasma was obtained by centrifugation at 800g for 10 minutes. 

Hundredd ul of the supernatant was treated with 500 ul acetonitril. After centrifugation at 

15,700gg for 10 minutes, the supernatant was dried using a SpeedVac SVC 100 (New 

Brunswickk Scientific Co., Inc., Edison, New Jersey). The pellet was redissolved in 100 ul in 

sterilee demineralized water. Kynurenine and tryptophan levels in plasma were determined by 

HPLCC (Jasco system, Tokyo, Japan) over a 100 A Delta Pak C18 column (Waters 

Corporation,, Milford, MA) using a water/acetonitril gradient supplemented with 0.1% 

trifluoro-aceticc acid as eluent. Peaks were identified using serial UV absorption detection 

(2600 nm) and fluorescence detection (excitation at 295 nm and emission at 340 nm). Plasma 

levelss of the IDO-inhibitor, methyltryptophan were also detected with this method. Analysis 
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wass carried out with Borwin® integration software version 1.23 (JMBS Developments, Le 

Fontanile,, France). 

BronchoalveolarBronchoalveolar 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 and chemokine measurements 

Cytokiness and chemokines in total-lung-lysates were measured by enzyme-linked 

immunosorbentt assay (ELISA) according to the manufacturer's protocol. Reagents for IL-6, 

IL-100 and TNF-a measurements were obtained from R&D systems (Abingdon, UK); IFN-y 

reagentss were obtained from Pharmingen (San Diego, CA). 

MyeloperoxidaseMyeloperoxidase activity measurents 

MPOO activity was measured as described previously [23]. Total-lung-lysate was 5-fold diluted 

inn potassium-phosphate buffer (pH 6.0) and pelleted at 15,700g for 20 minutes.. Pellets were 

redissolvedd in potassium-phosphate buffer (pH 6.0) supplemented with hexadecyl-trimethyl-

ammoniumbromidee (HETAB) and 10 mM EDTA. MPO activity was determined by 

measuringg the H202-dependent oxidation of 3,3-5,5-tetramethylbenzidine (TMB). The 

reactionn was stopped by adding glacial acetic acid (0.2 M) to the reaction mixture. The 

amountt of converted TMB was determined by measuring the OD at 655 nm. MPO-activity is 

expressedd in U/g lungtissue, in which 1 U is defined as the amount of MPO required to yield 

ann OÜ655 of 1 per minute. 

StatisticalStatistical analysis 

Alll  data are expressed as mean  SE, unless stated otherwise. Differences between groups 

weree analysed by Mann-Whitney U test. Survival was analysed with Kaplan-Meier using a 

log-rankk test; p < 0.05 was considered to represent a statistically significant difference. 
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Results s 

IDOIDO expression and activity after influenza virus infection 

Too determine whether influenza virus infection leads to expression of IDO, total-lung-lysates 

weree analysed by Western blot on day 14 after viral infection. While expression of IDO was 

nott observed in control mice, influenza-infected mice showed expression of IDO (observed 

molecularr weight was approximately 40 kDa) on day 14 after infection (Figure 1 A). To obtain 

insightt into the induction of IDO activity, tryptophan and kynurenine levels were measured in 

plasma.. Kynurenine levels were significantly increasedat the expense in mice previously 

infectedd with influenza virus (p < 0.05 vs control mice, Figure IB). These data indicate that 

influenzaa virus infection led to increased IDO expression in the lung and enhanced tryptophan 

Figuree 1: IDO expression and activity in 
micee after influenza infection. 
(A)) IDO expression in the lungs on day 14 
afterr viral infection or control inoculation 
wass determined by Western-blot analysis. 
IDOO expression was measured in 
lunghomogenatess from control mice and 
influenza-infectedd mice (6-8 mice per 
group),, which is shown for 3 mice from 
eachh group. (B) Kynurenine and 
tryptophann levels were measured in 
plasmaa on day 14 after viral infection (8 
micee per group) by HPLC analysis. 
Kynureninee levels are expressed as a 
fractionn of the total tryptophan/kynurenine 
pooll  in plasma (means  SE). * p < 0.05 vs 
controll  mice. 

BacterialBacterial outgrowth 

Secondaryy infection with S. pneumoniae after recovery from influenza virus infection is 

associatedd with a 1000-fold increase in bacterial outgrowth compared to primary infection 

withh S. pneumoniae [6]. To study the role of IDO during post-influenza pneumonococcal 

pneumoniaa we administered the IDO-inhibitor methyltryptophan (MeTrp;10 mg daily) by 

matrix-drivenn delivery pellets in a mouse-model for secondary bacterial pneumonia. These 

pelletss were implanted on day 12 after influenza virus infection. Mice received 10 CFU S. 

pneumoniaepneumoniae on day 14 after viral infection and were sacrificed 48 hours later. MeTrp 

treatmentt resulted in a 20-fold reduction in bacterial outgrowth 48 hours after intranasal 

degradationn after influenza virus infection. 

AA - - - + + + Influenza 

a. a. 
>> > 

» » + + 
c c >. . 

0.4-i i 

0.3 3 

0.2 2 

0.1 1 

0.0 0 
controll influenza 
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inoculationn of 10 CFU 5. pneumoniae (p = 0.008 vs placebo-treated mice, Figure 2A). To 

excludee an antibacterial effect of MeTrp we assessed the effect of MeTrp on primary 

pneumococcall  pneumonia. Mice were intranasally inoculated with 2 x 105 CFU S. 

pneumoniaepneumoniae on day 2 after subcutaneous implantation of placebo-pellets or MeTrp-pellets. A 

20-foldd higher bacterial inoculum was used to induce severe pneumonia similar to that 

observedd for secondary pneumococcal infection. Bacterial loads were not significantly 

differentt in placebo and MeTrp-treated mice 48 hours after inoculation (p = 0.16, Figure 2B). 

Inn line with subcutaneous administration of MeTrp, intraperitoneal injection of MeTrp during 

secondaryy pneumococcal pneumonia resulted in decreased bacterial loads (p = 0.01 vs saline-

treatedd mice, data not shown). 
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Figuree 2: Reduced outgrowth of pneumococci during post-influenza pneumonia after MeTrp-treatment. (A) 
Bacteriall  outgrowth in the lungs of placebo-treated mice (squares) and MeTrp-treated mice (triangles) after 
secondaryy pneumococcal pneumonia. All mice (8 mice per group) received 104 CFU S. pneumoniae on day 14 
afterr viral infection and were sacrificed 48 hours later. (B) Bacterial outgrowth in the lungs of placebo-treated 
micee (triangles) and MeTrp-treated mice (diamonds) after primary pneumococcal pneumonia. All mice (8 mice 
perr group) received 2x10 CFU 5. pneumoniae on day 14 after viral infection and were sacrificed 48 hours 
later.. Horizontal lines represent medians for each group. 

CytokineCytokine and chemokine production 

Too further investigate the effect of MeTrp on secondary pneumococcal infection, cytokine 

levelss were measured in total lung homogenates. Secondary bacterial infection with S. 

pneumoniaepneumoniae resulted in an enhanced production of pro-inflammatory mediators like TNF-a, 

IFN-yy and IL-6 as well as the anti-inflammatory cytokine IL-10 (Figure 3). The exaggerated 

TNF-aa and IL-10 production were reversed by subcutaneous administration of MeTrp (p < 

0.055 vs placebo-treated mice), whereas the enhanced production of IFN-y and IL-6 was 

unaffectedd by administration of MeTrp. Similar results were obtained during secondary 
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bacteriall  pneumonia in mice intraperitoneally treated with MeTrp (data not shown). Cytokine 

expressionn was similar in placebo-treated mice and MeTrp-treated mice during primary 

infectionn with S. pneumoniae (data not shown). 
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Figuree 3: Lung cytokine levels on day 14 after viral infection and at 48 hours after secondary pneumococcal 
infection.. Levels of TNF-a, IL-10, IL-6 and IFN-y in total-lung homogenates were measured for placebo-treated 
micee (filled bars) and MeTrp-treated mice (open bars) on day 14 after viral infection (left panel) and 48 hours 
afterr pneumococcal infection (right panel). All mice (8 mice per group) received 104 CFU S. pneumoniae on day 
144 after viral infection. Data are expressed in pg/g lungtissue (mean  SE). * p < 0.05 vs placebo-treated mice. 

CellsCells in BAL fluid 

BALL was performed to measure cellular influx into the lungs on day 14 after viral infection 

andd on day 16 after viral infection, i.e. 48 hours after bacterial infection. On day 14 after viral 

infection,, neutrophil numbers were significantly higher in MeTrp-treated mice than in 

placebo-treatedd mice (p < 0.05), whereas lymphocytes and mononuclear cells were similar in 

bothh groups (Table 1). Pneumococcal infection resulted in an increased total cell number in 

BALL fluid, which was mainly due to increased neutrophil numbers (Table 1). A trend towards 

decreasedd neutrophil numbers was observed in MeTrp-treated mice (p = 0.09 vs placebo-

treatedd mice) on day 16 after viral infection. Both lymphocyte and non-lymphocytic 

mononuclearr cell numbers were similar in placebo- and MeTrp-treated mice on day 16 after 

virall  infection (Table 1). 
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Tablee 1: Cells in bronchoalveolar lavage fluid 

t== 14 t=16 6 

Cellss (x 103) placebo o MeTrp p placebo o MeTrp p 

Totall  cell count 

Mononuclearr cells 

Polymorphonuclearr cells 

Lymphocytes s 

2777  32 

2588  32 

8.55 0 

9.88 4 

3899  87 

3499  78 

26.88 * 

13.77 4 

7266 4 

1900 7 

5333 3 

3.22 4 

4100 7 

2699 9 
f f 

4.77  2.0 

Micee (n = 6 per group) received Influenza A i.n. on day 0, followed by S. pneumoniae pneumoniae i.n. on day 14. Matrix-
drivenn delivery pellets containing 70 mg of 1-methyl-DL-tryptophan or placebo pellets were implanted on day 
122 after viral infection. Bronchoalveolar lavage fluid was collected on day 14 and day 16 after viral infection, i.e. 
att t = 0 and t = 48 hours after pneumococcal infection. All data are expressed as total number (mean  SE). * p < 
0.055 compared to placebo-treated mice.f p = = 0.09 compared to placebo-treated mice. 

Myeloperoxidasee (MPO) activity was measured in total-lung-lysates to confirm neutrophil 

recruitmentt into lungs after secondary bacterial pneumonia.. A trend towards increased MPO 

activityy was observed for MeTrp-treated mice on day 14 after viral infection infection (p = 

0.100 vs placebo-treated mice, Figure 4). MPO activity was significantly reduced in MeTrp-

treatedd mice on day 16 after viral infection (p = 0.02 vs placebo-treated mice, Figure 4). 

40-. . 
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Figuree 4: Effect of MeTrpp on MPO 
activityy in total-lung-homogenates. 
MPOO activity in total-lung 
homogenatess was measured for 
placebo-treatedd mice (filled bars) 
andd MeTrp-treated mice (open 
bars)) on day 14 after viral infection 
(A)) and 48 hours after 
pneumococcall  infection (B). All 
micee (8 mice per group) received 
1044 CFU 5. pneumoniae on day 14 
afterr viral infection. Data are 
expressedd in pg/g lungtissue (mean 

. . 

Histopathology Histopathology 

Secondaryy bacterial pneumonia was associated with severe interstitial inflammation, 

bronchiolitis,, perivascular inflammation and pleuritis in the entire lung [6]. Forty-eight hours 

afterr pneumococcal infection, lungs of placebo- and MeTrp-treated mice were harvested to 

preparee H/E stained lung-slides for histopathological examination. No significant differences 

betweenn the groups were observed during postinfluenza pneumonia (Figure 5). 
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Figuree 5: Lung inflammation during post-influenza pneumococcal pneumonia. Histopathological analysis of the 
lungss of placebo-treated mice (A) and MeTrp-treated mice (B). Lungs were isolated 48 hours after 
pneumococcall  infection and prepared for histopathological analysis. Original magnification: lOOx. Slides are 
representativee for 6 mice per group. 

Survival Survival 

Wee monitored survival at least twice per day after inoculation of S. pneumoniae (10 cfu per 

mouse).. Secondary pneumococcal infection resulted in 58% lethality on day 3 and 92% 

lethalityy on day 5 after pneumococcal infection. No difference was observed between placebo 

andd MeTrp-treated mice (Figure 6A). A lower bacterial inoculum (2 x 103 cfu per mouse) 

resultedd in slightly improved survival early after infection, as reflected by 40% lethality on 

dayy 3 and 100% lethality on day 5 after infection. Again, MeTrp-treatment did not improve 

survivall  during secondary bacterial pneumonia after recovery from influenza infection (Figure 

6B).. Survival was neither influenced by intraperitoneal instead of subcutaneous 

administrationn of MeTrp (data not shown). 
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Figuree 6: MeTrp does not improve survival during post-influenza pneumonia. Survival after pneumococcal 
infectionn in placebo-treated mice treated (squares) vs MeTrp-treated mice (triangles). Mice (12 mice per group) 
receivedd 104 CFU (A) or 2 x 103 CFU (B) S. pneumoniae on day 14 after viral infection and were monitored at 
leastt twice daily after pneumococcal infection. 
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Discussion n 

Secondaryy bacterial pneumonia is a serious complication during and shortly after recovery 

fromfrom influenza virus infection [1,2]. Previous studies indicated that influenza virus infection 

impairss host defense against secondary bacterial infections such as S. pneumoniae, leading to 

exaggeratedd inflammatory responses [5, 6]. In the present study we show that virus-induced 

expressionn of IDO is at least in part responsible for this exaggerated inflammatory response to 

secondaryy pneumococcal infection. 

IDOO is expressed on day 14 after viral infection, which is associated with reduced plasma 

levelss of tryptophan and increased plasma levels of its degradation-product, kynurenine. Our 

dataa are in line with previous findings by Yoshida et al. indicating that IDO activity is 

increasedd in the trachea and the lungs between day 6 and day 28 after influenza virus infection 

[11].. Since IDO has antioxidant properties, i.e. IDO consumes superoxide to catabolize 

tryptophan,, IDO was considered to have a protective effect during primary influenza virus 

infectionn [12]. Our data indicate that IDO expression during influenza virus infection renders 

thee host more vulnerable to secondary bacterial pneumonia as reflected by reduced outgrowth 

off  pneumococci after MeTrp treatment during secondary bacterial infection. Inhibition of IDO 

didd not affect bacterial outgrowth during primary infection with S. pneumoniae, which 

emphasizess that expression of IDO predisposes the host to postinfluenza pneumococcal 

pneumonia. . 

LeVinee et al. showed that mice previously infected with influenza virus display a decreased 

neutrophill  function as expressed by reduced MPO release during secondary pneumococcal 

pneumoniaa [5]. Recently, our laboratory showed that this reduced neutrophil function is at 

leastt in part the consequence of enhanced IL-10 production during secondary bacterial 

pneumoniaa [6]. Neutralization of IL-10 led to reduced bacterial loads and inflammation. 

Strikingly,, IL-10 levels were significantly reduced in MeTrp-treated mice during secondary 

bacteriall  pneumonia. These data indicate that IDO activity mediates the production of IL-10. 

Vonn Bubnoff et al. recently described expression of IDO in IL-10 producing monocytes 

derivedd from atopic dermatitis patients [24], Likewise, Heikkinen et al. showed that 

macrophagess isolated from the decidual tissue lining the uterus in pregnant women expressed 

IDOO and produced high levels of IL-10 [25]. To our knowledge, our study is the first to 

describee that IDO activity is involved in IL-10 production, as reflected by reduced IL-10 
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levelss after MeTrp treatment. Although our study focused on innate immune responses, the 

linkk between IDO expression and IL-10 production may also be important for the regulation 

off  T cell responses. Both IDO and IL-10 have been implicated in the induction of T cell 

tolerancee [16, 17, 20, 26-28]. Our present data may suggest a new and additional mechanism 

byy which IDO regulates T cell tolerance. The mechanism how IL-10 is regulated by IDO 

remainss uncertain. Besides IL-10, TNF-a production was significantly lower in mice treated 

withh MeTrp than in placebo-treated mice, whereas IFN-y and IL-6 were not affected by 

treatmentt with MeTrp during secondary pneumococcal pneumonia. The benificial effect of 

MeTrpp on bacterial outgrowth and cytokine production can be contributed to reduced IL-10 

levels,, since neutralization of IL-10 showed a similar effect [6]. However, we cannot exclude 

thatt the reduced TNF-a and IL-10 levels are the consequence of reduced bacterial outgrowth 

inn MeTrp-treated mice. Dallaire et al. demonstrated that pulmonary cytokine levels correlate 

closelyy with the extent of bacterial outgrowth during pneumococcal pneumonia [29]. 

Interestt in the relationship between IDO and exaggerated inflammatory responses stems from 

thee finding that IDO expression in airway epithelial-like cells (NCI-H292) enhanced the 

productionn of pro-inflammatory mediators such as IL-6 and IL-8 upon stimulation by TNF-

aa or LPS [10]. This enhanced production of IL-6 and IL-8 was reversed by addition of 

tryptophann or the IDO-inhibitor MeTrp. However, in the current study IL-6 was not affected 

byy treatment with MeTrp during secondary pneumococcal pneumonia. This could be 

explainedd in several mutually non-exclusive ways. Other cell types may contribute to IL-6 

productionn in the lungs and may overrule IL-6 production by airway epithelial cells. 

Furthermore,, IDO expression has also beenn described for macrophages [30, 31], dendritic 

cellss [21, 26] and lymphocytes [32], which indicates that the IDO-inhibitor MeTrp may not 

exclusivelyy target airway epithelial cells during bacterial pneumonia. Moreover, since MeTrp 

inhibitss IL-10 production and since IL-10 is mainly produced by macrophages and 

lymphocytes,, these two cell-types are most likely affected by MeTrp [33]. And finally, 

decreasedd IL-10 levels may have led to enhanced production of IL-6 as well, thereby masking 

thee effect of MeTrp on IL-6 production. Further research is required to identify cell-specific 

expressionn of IDO and the underlying mechanism by which IDO regulates the release of pro-

andd anti-inflammatory mediators. 
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Onn day 14 after viral infection increased neutrophil numbers in BAL fluid were observed in 

MeTrp-treatedd mice. These neutrophils may have contributed to the enhanced bacterial killing 

inn MeTrp-treated mice. The mechanism of this IDO-mediated decrease in neutrophil number 

iss not known. It is not likely that IL-10 is responsible for this effect, since IL-10 levels on day 

144 after viral infection were similar in placebo- and MeTrp-treated mice. This indicates that 

other,, not yet identified, mediators may be involved in the enhanced outgrowth of 

pneumococcii  in influenza virus-infected mice. This may also explain why neutralization of 

IL-10,, in contrast to inhibition of IDO, reduced lethality during secondary pneumococcal 

infectionn [6]. 

Thee efficacy of MeTrp-treatment during secondary bacterial pneumonia is limited. Plasma 

concentrationss of MeTrp ranged between 25 and 50 uM and restored tryptophan levels only 

partiallyy (data not shown). It should be noted that MeTrp is only a partial inhibitor of IDO at 

thee concentrations found in plasma [34]. Low or delayed availability of MeTrp as a 

consequencee of subcutaneous administration is unlikely, since subcutaneous and 

intraperitoneall  administration of MeTrp showed similar results during secondary bacterial 

pneumonia. . 

Takenn together, our data indicate that expression of IDO during and shortly after recovery 

fromm influenza infection contributes to the exaggerated inflammatory response and enhanced 

bacteriall  outgrowth during secondary bacterial pneumonia. It should be noted that other 

factors,, such as increased bacterial adherence to the airway epithelium, likely play an 

importantt role during secondary bacterial infections following influenza virus infection as 

well.. Further research on the role of IDO during primary bacterial and viral infections may 

providee insight in the regulatory role of IDO in the innate immune response against these 

pathogens. . 
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