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Abstract t 

Bacteriall  complications during influenza infections are a much more common cause of 

pneumoniaa than primary influenza infection. Increased colonization by bacteria, enhanced 

virulencee of influenza virus and impaired host defense have been shown to account for the 

increasedd risk to develop pneumonia. However, the interaction between influenza virus and 

bacteriaa has never been studied. In the present study we show that influenza virus is able to 

bindd to non-typable Haemophilus influenzae (NTHI). Moreover, NTHI infection reduced viral 

outgrowthh in airway epithelial-like cells. Combined infection with NTHI and influenza virus 

wass associated with synergistic IL-8 production. Combined infection in mice resulted in 

stronglyy diminished viral loads in the lung on day 2 and day 8 and reduced inflammation on 

dayy 8 post-infection. These data indicate that NTHI protects against influenza virus infection 

inin vitro and in vivo. NTHI, which belongs to the commensal flora that persists in the upper 

airways,, may serve as a natural scavenger of potentially pathogenic viruses. 
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Introductio n n 

Influenzaa infections usually cause only mild symptoms such as fever, headache, sore throat, , 

sneezingg and nausea, accompanied by decreased activity and food intake [1]. Although 

influenzaa alone may lead to pneumonia, secondary bacterial infections during and shortly 

afterr recovery from influenza infections are much more common causes of pneumonia [2]. 

StreptococcusStreptococcus pneumoniae, Staphylococcus aureus and Haemophilus influenzae are the most 

frequentlyy isolated during combined infection with influenza virus [1-3]. H. influenzae is one 

off  the bacteria comprising the commensal flora of the human upper respiratory tract [4]. 

Underr normal circumstances H. influenzae persists on mucosal surfaces as a consequence of 

biofilmm formation [5]. At present, the function of persisting bacteria in the nasopharynx is 

poorlyy understood. 

Acutee or chronic inflammation causes H. influenzae to become pathogenic, leading to local or 

invasivee infection [6]. Concurrent infection with influenza virus induces an inflammtory 

response,, which may increase colonization by H. influenzae [7, 8]. Similarly, exacerbations in 

patientss with chronic obstructive pulmonary disease (COPD) are often associated with H. 

influenzaeinfluenzae infection [9, 10]. Several studies indicate that viral airway infections predispose 

COPDD patients to H. influenzae-mduced exacerbations [7, 11-13]. Both in healthy humans 

andd COPD patients, an inflamed micro-environment enhances bacterial outgrowth of H. 

influenzaeinfluenzae [6-8]. An alternative explanation for increased colonization by H. influenzae 

duringg influenza virus infection may be increased adherence to the airway mucosa after viral 

infectionn [13, 14]. Although several outer-membrane proteins and adhesins have been 

describedd to mediate binding to the airway mucosa, none of these factors have been 

implicatedd in the enhanced colonization by H. influenzae during viral respiratory tract 

infectionn [8, 15]. 

Althoughh direct binding of bacteria and viruses has been described [16], a possible interaction 

of//,, influenzae and influenza virus has never been studied. In the present study we show that 

influenzaa A binds to non-typable H. influenzae (NTHI). The capacity to bind influenza virus 

mayy interfere with the hosts' response to influenza virus infection. To study the role of this 

interactionn in host defense, we evaluated viral kinetics and pro-inflammatory cytokine 

productionn in airway epithelial-like cells and in a murine model for influenza virus infection. 
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Material ss and methods 

InfectiousInfectious agents 

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 [17]. 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). Non-typable Haemophilus influenzae (NTHI, strain 12, patient isolate) was grown 

overnightt on chocolate-agar plates at 37°C in a COrincubator and were subsequently 

suspendedd in BMI medium supplemented with hemine and NAD+. 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 

1088 colony forming units (CFU) per ml, which was determined by optical density at 530 nm 

andd verified by plating out 10-fold dilutions onto chocolate-agar plates. 

CellCell culture 

AA human lung-derived mucoepidermoid adenocarcinoma cell-line NCI-H292 (ATCC no. 

CRLL 1848, Rockville, MD) was maintained in RPMI medium (Gibco BRL, Paisley, UK) 

supplementedd with 0.5 mM L-glutamine (Merck, Darmstadt, Germany), penicillin (100 

U/ml),, streptomycin (100 jUg/ml) and 10% heat-inactivated fetal calf serum (FCS, Gibco 

BRL)) at 37°C in a humidified atmosphere in a 5% C02-incubator. During experiments, cell 

culturess were incubated with RPMI 1640 medium containing 0.5 mM L-glutamine and 10% 

FCS. . 

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. . 
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BindingBinding assay 

100 CFU NTHI and 10-fold dilutions of the original influenza virus stock were incubated at 

roomm temperature for 30 minutes in a final volume of 100 ul PBS. Bacteria were spun at low 

speedd (lOOg for 10 minutes) and washed twice with sterile PBS. The pellet was resuspended 

inn 500 ul Trizol reagent (Gibco BRL) to extract RNA. The number of viral particles present in 

thee pellet was determined by real-time quantitative PCR as descibed before [18, 19]. In brief, 

RNAA was resuspended in 10 ul DEPC-treated water. cDNA synthesis was performed using 1 

ull  of the RNA-suspension and a random hexamer cDNA synthesis kit (Applera, Foster City, 

CA).. 5 ul out of 25 ul cDNA-suspension was used for amplification in a quantitative real-

timee PCR reaction (ABI PRISM 7700 Sequence Detector System). The viral load present in 

eachh sample was calculated using a standard curve of particle-counted influenza virus (virus 

particless were counted by electron microscopy), included in every assay. The following 

primerss were used: 5*-GGACTGCAGCTGAGACGCT-3' (forward); 5'-

CATCCTGTTGTATATGAGGCCCAT-3'' (reverse) and 5'-

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

InIn vitro infection protocol 

Culturee medium was removed and NCI-H292 cell cultures were washed twice with sterile 

PBS.. Cells were incubated with 107 CFU NTHI and 1.25 x 104 TCID50 influenza virus in final 

volumee of 200 ul PBS for 1 hour at room temperature. After 1 hour, culture medium (without 

penicillinn and streptamycin) was added to a final volume of 1 mL and incubated at 37°C. 

Appropriatee controls for both influenza virus infection and NTHI infection were included. 

Afterr 4 hours, 24 hours and 48 hours medium was removed and stored at -20°C for cytokine 

measurements.. The cells were washed with sterile PBS and treated with 500 ul Trizol reagent 

(Gibcoo BRL) to extract RNA and determine viral load as described above. 

InIn vivo infection protocol 

Micee were anesthesized by inhalation of isoflurane (Abbott Laboratories, Kent, UK) and 

intranasallyy inoculated with 10 TCID50 influenza (1400 viral copies) and 107CFU NTHI in a 

finall  volume of 50 ul PBS. Alternatively, mice were intranasally inoculated with 10 TCID50 

influenzaa and one hour thereafter with 107 CFU NTHI or vice versa. Appropriate controls for 

bothh influenza virus infection and NTHI infection were included. Fourty-eight hours after 
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inoculation,, mice (6 mice per group) were anesthetized using 0.3 ml FFM (fentanyl citrate 

0.0799 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H20; 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). Fifty ul of lung homogenates were treated with 500 ul Trizol 

reagentt to extract RNA and determine viral load as descibed above. 

CytokineCytokine and chemokine measurements 

IL-66 and IL-8 in culture medium were quantified by enzyme-linked immunosorbent assay 

(ELISA)) as described [20, 21]. Lung homogenates of mice were lysed with an equal volume 

off  lysisbuffer (300 mM NaCl, 30 raM 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 

forr 30 minutes on ice, followed by centrifugation at 680 g for 10 minutes. Supernatants were 

storedd at -80°C until further use. Cytokines and chemokines in total lung lysates were 

measuredd by ELISA according to the manufacturer's protocol. Reagents for IL-6, KC and 

TNF-aa measurements were obtained from R&D systems (Abingdon, UK). 

HistopathologicalHistopathological analysis 

Lungss for histological examination were harvested 48 hours after infection, fixed in 10% 

formalinn and embedded in paraffin. Four urn sections were stained with hematoxylin and 

eosinn and analyzed by a pathologist who was blinded for the groups. 

StatisticalStatistical analysis 

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

weree analysed by student's t-test (in vitro experiments) or Mann-Whitney U test (in vivo 

experiments),, p < 0.05 was considered to represent a statistically significant difference. 
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Results s 

NTHINTHI binds influenza virus 

Too determine direct interaction between NTHI and influenza, bacteria and virus were 

incubatedd for 30 minutes at room temperature. Bacteria were spun at low speed and washed 

twicee with PBS. Incubation of NTHI with a 1/10-dilution of the original virus-stock resulted 

inn approximately 25% recovery of the virus from the pellet (Figure 1). The 1/100 and 1/1000 

dilutionss showed approximately 100% recovery from the pellet. Influenza virus was also spun 

att low speed and washed twice to determine non-specific precipitation of the virus. No 

detectablee numbers of the influenza virus were recovered, indicating influenza virus binds to 

NTHI. . 

Figuree 1: Virus-binding capacity of non-
typablee Haemophilus influenzae. NTHI was 
incubatedd for 30 minutes at room temperature 
withh several dilutions of influenza virus (1/10; 
1/1000 and 1/1000 of the original influenza 
stock).. Bacteria were spun down at 1 OOg and 
washedd twice with PBS. Viral load in the pellet 
wass measured using real-time quantitative PCR. 
Thee viral copy number bound to NTHI (open 
bars)) and the input copy number of influenza 
viruss (filled bars) are represented (mean  SE). 
Inn addition, virus samples without NTHI  were 
spunn down, washed twice with PBS and 
analysedd in a similar fashion. The non-specific 
virall  precipitate was below detection level 
(BD).. These data are respresentative for three 
independentt experiments. 

InteractionInteraction between NTHI and influenza prevents viral infection in NCI-H292 cells 

Too investigate the effect of the interaction between NTHI and influenza, we determined viral 

loadd was determined in airway epithelial-like cells coinfected with NTHI. An increase in viral 

loadd was observed between 4 and 24 hours after infection in NCI-H292 cells, followed by a 

slightt reduction thereafter (Figure 2). Combined infection with NTHI and influenza virus 

revealedd a similar viral load after 4 hours. Viral load was trendwise lower 24 hours after 

combinedd infection (p = 0.13 vs influenza infection) and significantly lower 48 hours after 

combinedd infection (p = 0.0113 vs influenza infection). These data indicate that NTHI 

partiallyy prevents influenza virus infection in NCI-H292 cells. 

V) V) 
a a 
'n. 'n. 
o o 
Ü Ü 

-- 3-

O) ) 

o o 
BD D Iflj j 

1/1000 0 1/100 0 

II Viral precipitate 
II Viral input 
II NTHI-bound virus 

BD D 
1/10 0 

129 9 



Chapterr 8 

24 4 
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Figuree 2: Viral outgrowth in NCI-
H2922 cells. Viral outgrowth in airway 
epithelial-likee cells (NCI-H292) was 
determinedd by real-time PCR 4, 24 and 
488 hours after infection. Viral load in 
NCI-H2922 cells with primary influenza 
infectionn (filled bars) and combined 
NTHI/influenzaa infection (open bars) 
aree expressed as viral RNA copies 
(meann  SE). These data are 
respresentativee for two independent 
experiments.. * p < 0.05 vs influenza 
treatedd cells. 

IL-6IL-6 and IL-8 production in NCI-H292 cells 

Too evaluate the inflammatory response by NCI-H292 we measured IL-6 and IL-8 levels in 

mediumm after 4, 24 and 48 hours after NTHI, influenza and combined infection. NTHI alone 

resultedd in an increase in both IL-6 and IL-8 after 4 hours incubation. Both IL-6 and IL-8 

levelss increased only modestly thereafter. Influenza virus infection resulted in an increase in 

IL-66 and IL-8 production. Combined NTHI/influenza infection led to additional increase in 

IL-66 production after 48 hours. IL-8 was synergistically induced after combined 

NTHI/influenzaa infection as reflected by 2-fold increased IL-8 levels after 24 and 48 hours. 

Thesee data indicate that combined infection of NTHI and influenza virus induced a more 

pronouncedd inflammatory response in airway epithelial like cells. 
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Figuree 3: IL-6 and IL-8 production in NCI-H292 cells after influenza or combined infection. IL-6 and IL-8 
levelss in culture medium were measured by ELISA 4, 24 and 48 hours after infection. IL-6 and IL-8 levels are 
expressedd in ng/mL (mean  SE). These data are respresentative for two independent experiments. * p < 0.05 vs 
NTHII  treated cells and influenza treated cells. 
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Dayy 2 Dayy 8 

Figuree 4::  Viral load in the lungs after 
primaryy influenza and combined infection. 
Virall  load in the lungs was determined on 
dayy 2 and 8 after influenza virus infection 
(filledd bars) and combined NTHI/influenza 
infectionn (open bars). Viral load is expressed 
ass viral RNA copies/g lungtissue (mean
SE,, 8 mice per group). In control mice and 
NTHII  infected mice influenza could not be 
detectedd (4 and 8 mice resp. per group, data 
nott shown). * p < 0.05 vs mice infected with 
influenzaa alone. 

NTHINTHI prevents viral outgrowth in vivo 

Too further investigate the role of the interaction between NTHI and influenza, we inoculated 

C57B1/66 mice with NTHI and influenza virus. Previous studies indicated that viral replication 

occurss between day 1 and day 4 [19, 22]. Combined NTHI and influenza infection revealed a 

10,000-foldd reduction in viral load (p < 0.0001 vs influenza-infected mice, Figure 4) on day 2 

afterr infection. Viral loads on day 8 were 100,000 fold lower in mice with combined infection 

thann in mice with influenza infection alone (p < 0.0001, Figure 4). 

TNF-aa (pg/g) IL-66 (pg/g) KCC (pg/g) 
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Figuree 5: Cytokine and chemokine expression in the lungs after viral and/or bacterial infection. TNF-a (A), IL-6 
(B)) and KC (C) levels in total-lung homogenates were measured on day 2 and 8 after infection (8 mice per 
group).. Data are expressed in pg/g lungtissue (mean  SE). # p < 0.05 vs control mice. * p < 0.05 vs influenza 
infectedd mice. 

CytokineCytokine and chemokine levels in total-lung-lysates 

Cytokinee and chemokine levels were measured to evaluate the host response to combined 

infectionn with influenza and NTHI. Neither influenza, NTHI or combined infection resulted in 

detectablee TNF-a and IL-6 concentrations in the lungs of mice after 48 hours (Figure 5). KC 

levelss were increased in influenza, NTHI and combined infection. Influenza virus infected 

micee displayed increased levels of IL-6 and TNF-a on day 8, whereas NTHI infected mice 
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showedd comparable IL-6 and TNF-ct levels in the lungs. Combined infection resulted in 

significantlyy lower TNF-a and IL-6 levels than influenza virus infection alone (p < 0.05). 

Althoughh KC levels in the lungs were still higher than in control mice, no differences were 

observedd between influenza, NTHI or combined infection. 

Figuree 6: Histopathologic analysis. Histopathological analysis of the lungs of mice with combined infection (A) 
orr with influenza infection alone (B). Lungs were isolated 8 days after infection and prepared for 
histopathologicall  analysis. Slides (lOx magnification) are representative for 8 mice per group. The area of 
inflamedd lungtissue (C) is expressed as % of the total area (mean  SE). * p < 0.05 vs influenza infected mice. 

HistopathologicHistopathologic analysis 

Too identify differences in inflammation in the lungs between influenza, NTHI and combined 

infectionn in mice, histopathological analysis of H/E stained lung-slides from days 2 and 8 

afterr infection was performed. Influenza virus infection was associated with interstitial 

inflammation,, mild pleuritis and perivascular inflamation on day 2 (data not shown). The 

pleuritis,, perivascular and interstitial inflammation were more pronounced on day 8 after viral 

infectionn and accompanied by bronchitis and edema (Figure 6), whereas NTHI infected mice 

showedd only mild interstitial inflammation. Inflammation in mice with combined infection 

wass characterized by pleuritis, bronchiolitis, edema, perivascular and interstitial inflammation 

ass observed for influenza infected mice. However, the total inflamed area of the lungs was 

significantlyy lower in mice with combined NTHI/influenza infection (p = 0.02, Figure 6). 

SubsequentSubsequent infection with NTHI and influenza does not prevent viral outgrowth in vivo 

Subsequentt infections with influenza and NTHI were performed to investigate whether 

bacteriaa that are already present in the lungs could prevent viral outgrowth in mice. NTHI 

infectionn in mice followed by influenza after 1 hour did not prevent viral outgrowth as 

reflectedd by similar viral loads after 48 hours (Figure 7). Influenza infection in mice followed 
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byy NTHI infection after 1 hour did not reduce viral loads after 48 hours either. These data 

indicatee that viral outgrowth is only prevented during combined viral/bacterial infection. 

InfAA followe d by NTH NTHII followe d by InfA 

ÉÉ 6 

InfAA InfA + NTH InfAA InfA + NTH 

Figuree 7: Viral load on day 2 
afterr NTHI Infection followed by 
influenzaa infection and influenza 
infectionn follewed by NTHI 
infection.. Mice received 
influenzaa intranasally 1 hour 
beforee (A) or 1 hour after (B) 
NTHII  infection. Viral load was 
determinedd by real-time PCR on 
dayy 2 after viral infection (6 mice 
perr group). Data are expressed as 
virall  RNA copies/g lungtissue 
(meann  SE). 

Discussion n 

Superinfectionn with H. influenzae is a well known complication of influenza virus infection 

[1-3].. Mechanisms to explain this enhanced susceptibility to secondary bacterial infections 

includee increased colonization of mucosal membranes [23,24], enhanced virulence of 

influenzaa [25] and reduced host defense against bacteria as a consequence of viral infection 

[22,, 26]. In the present study, we investigated the role of direct binding of influenza virus to 

NTHII  during combined infection in vitro and in vivo. Our data indicate that combined 

infectionn with influenza and NTHI reduces viral outgrowth in airway epithelial-like cells. 

Moreover,, influenza virus infection was almost completely prevented during combined/viral 

bacteriall  infection as reflected by 10,000-fold reduced viral loads in the lungs. Results from 

thee in vitro experiments revealed that the interaction between influenza virus and NTHI 

impairss viral outgrowth in airway epithelial-like cells (NCI-H292). From our data it is not 

clearr whether viral entry is inhibited in NCI-H292 cells or that enhanced responses to viral 

infectionn result in reduced viral outgrowth. The present study focused on viral replication and 

inflammatoryy responses, rather than antiviral mechanisms. IL-8 release, but not IL-6, was 

synergisticallyy induced by influenza and NTHI. KC, the functional homologue of IL-8 in 

micee [27], was not further increased during combined vira^acterial infection in mice. 

Althoughh we did not measure granulocyte influx in these mice, the role of KC in enhanced 

virall  clearance is limited. Likely, NTHI binds influenza virus and prevents, at least in part, 

infectionn of airway epithelial cells in vivo. In addition, influenza virus may be rapidly cleared 
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ass a consequence of direct binding to NTHI. Indeed, previous studies whithin our laboratory 

indicatee that NTHI is cleared from the lungs whithin 24 hours after infection (unpublished 

results).. Rapid clearance of bacteria requires opsonization and subsequent phagocytosis [28, 

29].. Influenza has been shown to escape phagocytosis [30], despite opsonization of the virus 

[28,, 31]. Moreover, macrophages are, besides epithelial cells, a primary target for replication 

off  the influenza virus [32]. Bacteria are easily digested after opsonization. This additional 

mechanismm may explain the 10,000-fold difference in viral load in mice with influenza 

infectionn alone and combined infection, while combined infection in vitro only resulted in 2-

foldd reduced viral loads. Further research is warranted to address the role of phagocytosis 

duringg rapid clearance of influenza during combined viralfaacterial infection. 

Althoughh our data indicate that influenza binds to NTHI, the molecules involved in this 

interactionn remain to be identified. Group B streptococci (GBS) have been shown to bind 

influenzaa virus as well [16]. The virus-binding capacity of GBS largely depends on N-

terminall  sialic acid residues on the bacterial cell wall. Sialic acid residues on the outer 

membranee of NTHI [5, 33] may be responsible for the interaction between influenza and 

NTHI.. Influenza virus is well known to bind sialic acid residues under highly different 

conditions.. For instance, the capacity of influenza virus to agglutinate with red blood cells is 

largelyy dependent on sialic acid [34]. Furthermore, influenza virus has been shown to 

recognizee sialyloligosaccharides on human respiratory epithelium, which enhances viral entry 

andd subsequent replication of the virus [35]. Irrespective of the involvement of sialic acid, the 

virus-bindingg capacity of NTHI will interfere with the adherence to the airway epithelium. 

Thee importance of sialic acid residues has been reported by Reuter et al. who showed that 

sialicc acid coated biopolymers prevented adhesion and infection of influenza virus in airway 

epitheliall  cells [36]. Further analysis revealed that these biopolymers prevented influenza-

inducedd pneumonitis in mice [37]. Similarly, combined infection with NTHI and influenza 

preventedd virus-induced pneumonia in mice. Besides binding to sialic acid residues, influenza 

viruss may interact with specific proteins expressed on the cell wall of NTHI. In particular, 

adhesionn molecules like p2 and p5 could be involved in the interaction between influenza and 

NTHII  [15]. Binding studies with mutated NTHI strains as well as neuraminidase treatment of 

wildtypee NTHI may provide insight into the molecular nature of the interaction between 

influenzaa and NTHI. 
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Micee with combined NTHI and influenza infection were protected against influenza-induced 

pneumonia.. Since NTHI belongs to the commensal flora of the nasopharynx, the interaction 

betweenn influenza and NTHI may provide an additional mechanism to prevent viral airway 

infectionss in vivo. Van Eldere suggested a similar role for commensal inhabitants in the ear, 

nosee and throat. This protective effect of bacteria involves reduced colonization and the 

inductionn of both innate and adaptive immune responses [38]. The fact that the protective 

effectt is lost when NTHI was administered one hour before influenza virus was inoculated 

doess not necessarily argue against this hypothesis. The NTHI strain used in this mouse-model 

doess not persist in the respiratory tract as reflected by complete clearance within 24 hours 

(dataa not shown). Likely, the bacteria are easily opsonized after inoculation and may prevent 

bindingg of the influenza virus [28, 29]. Similarly, NTHI could not prevent viral infection 

whenn influenza was administered one our before NTHI, indicating that viral entry initiates 

withinn the first hour after infection. Further research is required to elucidate whether 

persistentt bacteria protect against viral infection using several different intervals between 

bacteriall  and viral infection. 

Inn the present study we show that influenza virus binds to NTHI and that coinfection with 

thesee pathogens reduces viral outgrowth in vitro and in vivo. These data indicate that complex 

interactionss between viral and bacterial pathogens may take place in the airways of coinfected 

patients,, which attenuates the outgrowth of these pathogens. 

Acknowledgment t 

Wee would like to thank Joost Daalhuisen and Ingvild Kop for technical assistance during the 

animall  experiments and Teus van den Ham for assistance during the preparation and titration 

off  the viral stocks. 

References s 

1.. Treanor, J.J. 2000. Orthomyxoviridae: Influenza virus. In Principles and Practice of Infectious Diseases 
5thh Ed. Mandell, G.L. Douglas D.R, Bennett, J.E and Dolin, R. eds. Churchill Livingston, New York, 
p.. 1834-1835 

2.. Murphy, B.R. and Webster, R.G. 1996 Orthomyxoviruses. In Fields Virology, 3rd Ed. Fields, B.N. 
Knipee D.M. and Howley, P.M. eds. Lippincott-Raven publishers, Philadelphia, p. 1407. 

3.. Louria, D. Blumenfeld, H. Ellis, J. Kilboume, E.D. and Rogers, D. 1959. Studies on influenza in the 
pandemicc of 1957-58. II. Pulmonary complications of influenza. J. Clin. Invest. 38:213 

4.. Rao, V.K. Krasan, G.P. Hendrixson, D.R. Dawid, S. and St Geme, J.W. 3rd. 1999. Molecular 
determinantss of the pathogenesis of disease due to non-typable Haemophilus influenzae. FEMS 
Microbiol.. Rev. 23:99 

135 5 



Chapterr 8 

5.. Swords, W.E. Moore, M.L. Godzicki, L. Bukofzer, G. Mitten, M.J. and Von Cannon, J. 2004. 
Sialylationn of lipooligosaccharides promotes biofilm formation by nontypeable Haemophilus 
influenzae.. Infect. Immun. 72:106 

6.. Ozlu, T. Cay, M. Akbulut, A. Yekeler, H. Naziroglu, M. and Aksakal, M. 1999. The facilitating effect 
off  cigarette smoke on the colonization of instilled bacteria into the tracheal lumen in rats and the 
improvingg influence of supplementary vitamin E on this process. Respirology. 4:245 

7.. Michaels, R.H. and Myerowitz, R.L. 1983. Viral enhancement of nasal colonization with Haemophilus 
influenzaee type b in the infant rat. Pediatr. Res. 17:472 

8.. van Alphen, L. Jansen, H.M. and Dankert, J. 1995. Virulence factors in the colonization and persistence 
off  bacteria in the airways. Am. J. Respir. Crit. Care Med. 151:2094 

9.. Sethi, S. 2000. Bacterial infection and the pathogenesis of COPD. 
Chest.. 117:286S 

10.. Bandi, V, Apicella, M.A. Mason, E. Murphy, T.F. Siddiqi, A. Atmar, R.L. and Greenberg, S.B. 2001. 
Nontypeablee Haemophilus influenzae in the lower respiratory tract of patients with chronic bronchitis. 
Am.. J. Respir. Crit. Care Med. 164:211 

11.. Bandi, V. Jakubowycz, M. Kinyon, C. Mason, E.O. Atmar, R.L. Greenberg, S.B. and Murphy, T.F. 
2003.. Infectious exacerbations of chronic obstructive pulmonary disease associated with respiratory 
virusess and non-typeable Haemophilus influenzae. FEMS Immunol. Med. Microbiol. 37:69 

12.. Smith, C.B. Golden, C. Klauber, M.R. Kanner, R. and Renzetti, A. 1976. Interactions between viruses 
andd bacteria in patients with chronic bronchitis. J. Infect. Dis. 134:552 

13.. Patel, J. Faden, H. Sharma, S. and Ogra, P.L. 1992. Effect of respiratory syncytial virus on adherence, 
colonizationn and immunity of non-typable Haemophilus influenzae: implications for otitis media. Int. J. 
Pediatr.. Otorhinolaryngol. 23:15 

14.. Hirano, T. Kurono, Y. Ichimiya, I. Suzuki, M. and Mogi G. 1999. Effects of influenza A virus on lectin-
bindingg patterns in murine nasopharyngeal mucosa and on bacterial colonization. Otolaryngol Head 
Neckk Surg. 121:616 

15.. Foxwell, A.R. Kyd, J.M. and Cripps, A.W. 1998. Nontypeable Haemophilus influenzae: pathogenesis 
andd prevention. Microbiol Mol Biol Rev. 62:294 

16.. Hosaka, Y. Ikeura, A. Harada, Y. Kuroda, K. Hamayasu, H. Suzuki, T. Yamada, K. Kawase, Y. and 
Suzuki,, Y. 2000. Binding of influenza type A viruses to group B Streptococcus and haemagglutination 
byy virus-bound bacteria. J. Electron Microsc. (Tokyo). 49:765 

17.. Reed, L.J. and Muench, H. 1938. A simple method of estimating fifty  percent endpoints. Am. J. Hyg. 
27:s493. . 

18.. Van Elden, L.J.R. Nijhuis, M. Schipper, P. Schuurman, R. and van Loon, A.M. 2001. Simultaneous 
detectionn of influenza virus A and B using real-time quantitative PCR. J. Clin. Microbiol. 39: 196 

19.. Van der Sluijs, K.F. Van Elden, L. Nijhuis, M. Schuurman, R. Florquin, S. Jansen, H.M., Lutter, R and 
Vann der Poll, T. 2003. Toll-lik e receptor 4 is not involved in host defense against respiratory tract 
infectionn with Sendai virus. Immunol. Letters. 89: 201 

20.. Van Wissen, M. Snoek, M. Smids, B. Jansen, H.M. and Lutter, R. 2002. IFN-gamma amplifies IL-6 
andd IL-8 responses by airway epithelial-like cells via indoleamine 2,3-dioxygenase J. 
Immunol.. 169:7039. 

21.. Van Woensel, J.B. Lutter, R. Biezeveld, M.H. Dekker, T. Nijhuis, M. van Aalderen, W.M. and 
Kuijpers,, T.W. 2003. Effect of dexamethasone on tracheal viral load and interleukin-8 tracheal 
concentrationn in children with respiratory syncytial virus infection. Pediatr. Infect. Dis. J. 22:721 

22.. Van der Sluijs, K.F. Van Elden, L.J.R. Nijhuis, M. Schuurman, R. Pater, J.M. Florquin, S. Goldman, M. 
Jansen,, H.M. Lutter, R. and Van der Poll T. IL-10 is an important mediator of the enhanced 
susceptibilityy to pneumococcal pneumonia after influenza infection. J. Immunol. In press. 

23.. Plotkowski, M.-C. Puchelle, E. Beck, G. Jacquot, J. and Hannoun. C. 1986. Adherence of type I 
StreptococcusStreptococcus pneumoniae to tracheal epithelium of mice infected with influenza A/PR8 virus. Am. 
Rev.. Respir. Dis. 134:1040 

24.. McCullers, J.A. and Rehg, J.E. 2002. Lethal synergism between influenza virus and Streptococcus 
pneumoniae:pneumoniae: Characterization of a mouse model and the role of platelet-activating factor receptor. J. 
Infect.. Dis. 186:341 

25.. Tashiro, M. Ciborowski, P. Klenk, H.-D. Pulverer, G. and Rott, R. 1987. Role of Staphylococcus 
proteasee in the development of influenza pneumonia. Nature. 325:536 

26.. LeVine, A.M. Koenigsknecht, V. and Stark J.M. 2001. Decreased pulmonary clearance of S. 
pneumoniaepneumoniae following influenza A infection in mice. J. Virol. Methods. 94:173 

27.. Bozic, C.R. Kolakowski, L.F. Jr. Gerard, N.P. Garcia-Rodriguez, C. von Uexkull-Guldenband, C. 
Conklyn,, M.J. Breslow, R. Showell, H.J. and Gerard, C. 1995. Expression and biologic characterization 
off  the murine chemokine KC. J. Immunol. 154:6048 

136 6 



Non-typablee Haemophilus influenzae interacts with influenza virus 

28.. LeVine, A.M. and Whitsett J.A. 2001. Pulmonary collectins and innate host defense of the lung. 
Microbess Infect. 3:161 

29.. Bredius, R.G. de Vries, CE. Troelstra, A. van Alphen, L. Weening, R.S. van de Winkel, J.G. and Out, 
T.A.. 1993. Phagocytosis of Staphylococcus aureus and Haemophilus influenzae type B opsonized with 
polyclonall  human IgGl and IgG2 antibodies. Functional hFc gamma Rlla polymorphism to IgG2. 
151:1463 3 

30.. Hartshorn, K.L. Reid, K.B. White, M.R. Jensenius, J.C. Morris, S.M. Tauber, A.I. and Crouch, E. 1996. 
Neutrophill  deactivation by influenza A viruses: mechanisms of protection after viral opsonization with 
collectinss and hemagglutination-inhibiting antibodies. Blood 15:3450 

31.. Hartshorn, K..L. Sastry, K. White, M.R. Anders, E.M. Super, M. Ezekowitz, R.A. and Tauber, A.I. 
1993.. Human mannose-binding protein functions as an opsonin for influenza A viruses. J. Clin. Infect. 
91:1414 4 

32.. Julkunen, I. Sareneva, T. Pirhonen, J. Ronni, T. Melen, K. and Matikainen, S. 2001. Molecular 
pathogenesiss of influenza A virus infection and virus-induced regulation of cytokine gene expression. 
Cytokinee Growth Factor Rev. 12:171 

33.. Vimr, E. Lichtensteiger, C. and Steenbergen, S. 2000. Sialic acid metabolism's dual function in 
Haemophiluss influenzae. Mol Microbiol. 36:1113 

34.. Ito, T. Suzuki, Y. Mitnaul, L. Vines, A. Kida, H. and Kawaoka Y. 1997. Receptor specificity of 
influenzaa A viruses correlates with the agglutination of erythrocytes from different animal species. 
Virology.. 227:493 

35.. Couceiro, J.N. Paulson, J.C,. and Baum, L.G. 1993. Influenza virus strains selectively recognize 
sialyloligosaccharidess on human respiratory epithelium; the role of the host cell in selection of 
hemagglutininn receptor specificity. Virus Res. 29:155 

36.. Reuter, J.D. Myc, A. Hayes, M.M. Gan, Z. Roy, R. Qin, D. Yin, R. Piehler, L.T. Esfand, R. Tomalia, 
D.A.. and Baker, J.R. Jr. 1999. Inhibition of viral adhesion and infection by siaUc-acid-conjugated 
dendriticc polymers. 
Bioconjugg Chem. 10:271 

37.. Landers, J.J. Cao, Z. Lee, I. Piehler, L.T. Myc, P.P. Myc, A. Hamouda,, T. Galecki, A.T. and Baker, J.R. 
Jr.. 2002. Prevention of influenza pneumonitis by sialic Acid-conjugated dendritic polymers. J. Infect. 
Dis.. 186:1222 

38.. Van Eldere J. 2000. The role of bacteria as a local defence mechanism in the ear, nose and throat. Acta 
Otorhinolaryngol.. Belg. 54:243 

137 7 




