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Chapterr 1 

Introductio n n 

Influenza,, the formal name for 'flu' is an uncommon term in both the English and Dutch 

language.. Influenza originates from the Italian word for 'influence', which was derived from 

thee medieval Latin word 'influentia' and gained its current meaning, 'the power to produce 

effect',, in the sixteenth century. Later, the italian word influenza was metaphorically used for 

outbreakss of diseases. In the nineteenth century, influenza or 'flu' became the common name 

forr outbreaks of influenza virus [I] . The influence of this virus became clear in 1918, when an 

outbreakk of influenza virus, referred to as the Spanish flu, killed over 20 million people [2]. 

Initially,, it was thought that Pfeiffer's bacillus (Haemophilus influenzae) was the causative 

organismm of the Spanish flu. Shortly thereafter, it became clear that the disease was primarily 

inducedd by an ultra-filtarable pathogen [1]. This pathogen was isolated in the 1930's and 

designatedd as influenza virus [3]. Nowadays, influenza virus is well known to increase the 

susceptibilityy for secondary bacterial pneumonia [4-6]. The excessive mortality rates during 

thee Spanish flu were likely due to secondary bacterial complications [7]. Although bacterial 

complicationss have been observed for other respiratory viruses as well, these secondary 

infectionss are usually less severe [8, 9]. Viral infections have also been described to 

complicatee chronic inflammatory diseases such as asthma and chronic obstructive pulmonary 

diseasee (COPD) [10, 11]. At present, respiratory viruses are appreciated for their impact 

('influence')) on airway inflammatory responses. 

Orthomyxoviridae Orthomyxoviridae 

Respiratoryy tract infection with influenza virus is well documented and often used as a model 

too study innate and adaptive immunity. Influenza virus is a negative-stranded RNA virus that 

belongss to the family of Orthomyxoviridae and can be devided into subtypes A, B and C [12]. 

Influenzaa virus is an enveloped virus with a diameter of 80-120 nm. The influenza A genome 

containss 8 segmented genes, which encode 10 viral proteins. The hemaggglutinin (HA) and 

neuraminidasee (NA) proteins expressed on the outer membrane are required to infect target 

cells.. The matrix proteins (Ml and M2) provide rigidity to the virus. All other proteins play a 

criticall  role during viral replication [13]. The outer membrane protein play a critical role in 

hostt response after re-infection with influenza. Small variations in these proteins, i.e. 

antigenicc drift, are due to single point-mutations. Single point-mutations easily occur in the 

influenzaa virus genome, since it lacks a proof-reading system. Large antigenic variations or 
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Introduction n 

antigenicc shift are due to genomic recombination of two influenza virus strains [14]. At 

presentt 16 different HA proteins and nine NA proteins have been described [15, 16]. 

Antigenicc shift is associated with severe outbreaks or pandemics of influenza virus, whereas 

antigenicc drift is associated with milder outbreaks or epidemics of the infection. Pandemics 

occurr every 12 to 20 years, whereas epidemics occur every winter season [4, 5, 14-16]. 

Paramyxoviridae Paramyxoviridae 

Parainfluenzaa virus infections are usually less severe than influenza virus infections [17]. 

Parainfluenzaa belongs to the family of Paramyxoviridae. Human parainfluenza virus (HPIV) 

cann be divided into subtypes 1, 2, 3,4A and 4B [12]. Sendai virus is the murine homologue of 

humann parainfluenza type 1 [18]. Parainfluenza viruses are enveloped viruses with a diameter 

off  150-250 nm. The parainfluenza genome is composed of a single, negative RNA strand of 

approximatelyy 15,000 bp and contains 6 genes. Some of these genes have multiple reading 

framess encoding for several proteins [18, 19]. Like influenza virus, HPIV and Sendai virus 

expresss a hemagglutinin-neuraminidase protein (HN) on their outer membrane. In contrast to 

influenza,, paramyxoviruses require expression of a fusion (F) protein to penetrate target cells. 

Thee matrix protein provides rigidity and plays a critical role in the assembly of the virus [20]. 

Antigenicc variation is much less common for human parainfluenza viruses and Sendai virus 

[21]. . 

SymptomsSymptoms of influenza and parainfluenza airway infections 

Infectionss with influenza A usually cause symptoms such as fever, headache, sore throat, 

sneezingg and nausea, accompanied by decreased activity and food intake. Influenza B closely 

resembless the illness induced by influenza A. Influenza C usually causes less severe 'common 

cold-like'symptomss [4]. The onset of symptoms is two to four days after infection and will 

lastt for 4 to 10 days. In rare cases influenza virus infection leads to pneumonia. Young 

children,, elderly and immuno-compromised individuals are more susceptible for influenza 

viruss infection and display a more severe outcome of the disease [22]. Parainfluenza virus 

normallyy causes upper respiratory tract symptoms, such as sore throat, running nose, sneezing 

andd dry cough [19, 23]. Parainfluenza virus, especially HPIV-1 and HPIV-3, may cause 

pneumoniaa or bronchitis [24]. HPIV-1 and HPIV-2 have also been described to cause 

laryngotracheobronchitiss (croup) [25]. The pathogenesis of HPIV-4 is still poorly understood. 

Recentt studies indicate that the role of HPIV-4 in lower respiratory tract illness has been 

underestimatedd in the past due to poor diagnosis [26]. Both influenza and parainfluenza have 
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Chapterr 1 

beenn associated with otitis media [27]. In rare cases, invasion by the influenza virus may lead 

too myocarditis/pericarditis or encephalitis [28]. 

ComplicationsComplications during viral airway infections 

Althoughh influenza virus may cause pneumonia, secondary bacterial pneumonia during and 

shortlyy after recovery from influenza virus infection is much more common [29]. The excess 

mortalityy rates during the pandemics of 1918-1919 and 1957-1958 can mainly be contributed 

too secondary bacterial complications [30]. Even nowadays, secondary bacterial pneumonia 

causess worldwide at least 40.000 deaths each year [31]. Bacteria such as Staphylococcus 

aureusaureus and Haemophilus influenzae are known to cause post-influenza pneumonia, but 

StreptococcusStreptococcus pneumoniae is the most prominent pathogen causing secondary bacterial 

pneumoniaa in recent decades [4, 29, 32]. Primary infection with these pathogens are usually 

lesss severe than secondary infection [33]. Although secondary bacterial infections have been 

describedd for other respiratory viruses as well, including parainfluenza, the morbidity and 

mortalityy is much lower than observed for influenza virus [8, 9]. 

Virall  infections may interfere with chronic airway inflammation, such as seen in asthma and 

COPD.. Both influenza and parainfluenza have been implicated in asthma exacerbations, 

whichh are associated with increased airway hyperresponsiveness and enhanced inflammatory 

responsess in the lower respiratory tract [34-37]. In contrast to asthma, COPD exacerbations 

aree associated with bacterial infections, such as Haemophilus influenzae, Streptococcus 

pneumoniaepneumoniae or Moraxella cattharalis [38-40]. However, viral infections, including influenza 

andd parainfluenza, have been implicated as etiologic factor in acute exacerbations of COPD as 

welll  [36, 37]. Moreover, several studies indicate that viral airway infections predispose 

COPDD patients to H. />ï/7we«zae-induced exacerbations [41-43]. 

InnateInnate and adaptive immune responses 

Hostt defense against airway infections can be divided into innate immunity and adaptive 

immunity.. Mechanical defense mechanisms, such as coughing, sneezing and mucociliary 

clearancee are involved in the removal of inhaled pathogens [44, 45]. When pathogens escape 

thesee mechanical defense systems and invade the lower respiratory tract, an inflammatory 

responsee is induced leading to rapid recruitment of granulocytes and monocytes [45]. These 

inflammatoryy responses are initiated by recognition of these pathogens in the respiratory tract. 

Toll-lik ee receptors (TLRs) are critically involved in the recognition of pathogen-associated 
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molecularr patterns (PAMPs) [46]. At present, eleven TLRs have been identified, which 

recognizee distinct PAMPs and detect microorganisms that express these PAMPs [46,47]. For 

example,, peptidoglycan interacts with TLR2 [48], lipopolysaccharide (LPS) with TLR4 [49], 

flagellinn with TLR5 [50], whereas CpG-motifs in bacterial DNA activate TLR9 [51]. TLR1 

andd TLR6 function as co-receptor for TLR2 [52, 53]. Although the role of TLRs has been 

extensivelyy studied for bacterial and fungal infections, TLR-mediated recognition of viruses is 

stilll  poorly understood. TLR4 has been implicated in host defense against respiratory 

syncytiall  virus (RSV) [54, 55]. TLR4 has been shown to recognize the RSV fusion protein. 

Otherr important candidates to recognize negative-stranded RNA viruses are TLR3, TLR7 and 

TLR8,, since these TLRs recognize either double-stranded or single-stranded RNA [56, 57]. 

Afterr recognition by, and subsequent activation of these TLRs, an intracellular signaling 

cascadee leads to activation of nuclear factor-KB and/or IRF-3 and the expression of pro-

inflammatoryy mediators like cytokines and chemokines [58]. 

Thee array of cytokines and chemokines produced early after viral infection largely depends on 

thee cell types that are infected by the virus. Both influenza virus and parainfluenza virus 

preferentiallyy infect epithelial cells, although alveolar macrophages and recruited leukocytes 

mayy be infected as well [59]. Viral infection of airway epithelial cells leads to the release of, 

amongstt others, interleukin(IL)-6, RANTES and IL-8. Pro-inflammatory mediators such as 

IL-l pp and tumor necrosis factor (TNF)-a and chemokines such as IP-10 (interferon-y 

induciblee protein 10) and MIP-la/p (macrophage inhibitory protein lct/p) are primarily 

producedd by alveolar macrophages [59, 60]. Chemokines play a critical role in the recruitment 

off  granulocytes and monocytes to the lungs [61], while pro-inflammatory cytokines induce 

degranulationn of these recruited cells [60, 62]. RSV and Sendai virus (mouse parainfluenza 

typee 1) have been shown to activate neutrophil degranulation directly, whereas influenza virus 

inhibitss granulocyte function [63, 64]. 

Antivirall  mechanisms are triggered by the release of interferon(IFN)-a/p and IFN-y by airway 

epitheliall  cells and/or alveolar macrophages. IFN-p binds to its receptor and triggers the 

expressionn of double-stranded RNA dependent protein kinase (PKR) [66], 2',5'-oligoadenylate 

synthetasee (2-5A synthetase) [67] and myxovirus resistance proteins (Mxl or MxA) [68]. 

PKRR and 2-5 A synthetase prevent the synthesis of viral proteins by means of translational 

blockade.. Interestingly, influenza virus expresses a PKR-inhibiting protein, i.e. nonstructural 
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proteinn 1 (NS1), thereby allowing it to escape from antiviral mechanism [69]. Mxl (mouse) 

andd MxA (human) are able to inhibit primary transcription and/or transport of viral mRNA. In 

addition,, reduced availability of essential amino acids decreases total protein synthesis, which 

limitss the production of viral proteins. For instance, expression of indoleamine-2,3-

dioxygenasee (IDO) during viral infection leads to decreased availability of tryptophan [70, 

71]]  and results in reduced viral replication. Expression of IDO is mainly induced after release 

off  IFN-y by natural killer (NK) cells and/or T lymphocytes [72]. 

NKK cells are activated early after infection. Due to their cytotoxic capacity, NK cells are able 

too target both extracellular and intracellular pathogens. NK cells are thought to play a central 

rolee in the innate immune response to viral infections. Although activation of NK cells is not 

dependentt on antigen presentation, major histocompatibilty complex (MHC) class I molecules 

playy an important role in NK cell triggering [73]. MHC class I binds to inhibitory receptors on 

NKK cells and prevent NK cell activation. In other words, NK cells target low MHC class I-

expressingg cells. It should be noted that NK cells also require an activation signal [74]. The 

rolee of activation receptors and the underlying mechanism of NK cell activation is poorly 

understood.. Cytokines such as IL-12, IL-15 and IL-18 have been shown to promote NK cell 

activationn as well [75]. 

Cytokiness like IL-12 and IL-18 are primarily produced by (alveolar) macrophages [76, 77]. 

Althoughh these cytokines have been shown to have a pro-inflammatory capacity, they are best 

knownn for their regulatory role in the adaptive immune response. Both IL-12 and IL-18 drive 

naivee T helper lymphocytes towards a T helper type I (Thl) phenotype [78, 79]. Furthermore, 

IL-122 and IL-18 induce T cell proliferation and the release of typical Thl cytokines like IFN-y 

andd IL-2 [79, 80]. Moreover, IL-12 and IL-18 synergistically enhance the release of IFN-y by 

TT lymphocytes [81]. IFN-y plays an important role in the activation of cytotoxic T 

lymphocytess (CTLs), which are responsible for specific lysis of virus-infected cells [81-83], 

Takenn together, IL-12, IL-18 and IFN-y are implicated in both innate and adaptive immune 

responses. . 

Cytokinee release alone is not sufficient to induce T cell responses. Antigen presentation is 

requiredd to provoke the formation of virus-specific T lymphocytes. T lymphocytes are 

activatedd if they recognize viral antigens loaded onto MHC class I or MHC class II molecules 
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[84].. Antigen-loaded MHC class I molecules bind to the T cell receptor (TCR) of CD8+ T 

cellss (CTLs), whereas antigen-loaded MHC class II molecules bind the TCR of CD4+ T cells 

(TT helper cells). DCs are the professional antigen presenting cells (APC), but other cells such 

ass macrophages and monocytes may also function as APC [85, 86]. CD8+ T cells are 

particularlyy important for the killing of virus-infected cells, whereas CD4+ are generally 

regardedd to have a helper function. However, recent studies indicate that CD4+ T cells can be 

cytotoxicc as well leading to reduced viral loads in the lung [87]. 

Afterr TCR triggering, a cascade of actions leads to the activation of T lymphocytes. An 

importantt aspect in the activation of T cells is the role of costimulatory molecules [88]. These 

costimulatoryy molecules do not only provide the signals required for expansion and 

cytotoxicity,, they also play a role in driving the response towards Thl or Th2 and thereby the 

activationn of CTLs or B cells respectively [89]. Although CTL responses are generally 

believedd to be most important for viral infections, B cells have been implicated in viral 

infectionss as well [90]. Viral hemagglutinin induces B cell proliferation. IL-6 release further 

enhancess the proliferation of B cells and the differentiation into plasma cells, which leads to 

virus-specificc immunoglobulin release [91]. During viral infection memory B and T cells are 

formedd to prevent secondary infection with the same virus [92, 93]. 

ImpairedImpaired host defense against secondary bacterial complications 

AA coordinated action of several innate and adaptive immune responses normally leads to 

appropriatee eradication of the virus. Although the immune system is able to cope with viral 

respiratoryy infections, the host's defense against secondary bacterial infections appears to be 

alteredd [4, 29-32]. Several mechanisms have been proposed to contribute to the enhanced 

susceptibilityy to bacterial infections [94]. Several bacteria release proteases that cleave the 

hemagglutininn protein on the outer membrane of viruses, thereby increasing the virulence of 

thee virus [95]. However, increased virulence alone does not fully explain the enhanced 

susceptibilityy to bacterial infections, since individuals remain vulnerable for bacterial 

complicationss after recovery from influenza virus infection. A classical dogma is the 

enhancedd colonization by bacteria of the airway submucosa due to disruption of the airway 

epitheliall  layer by the cytopathic effect of the virus [96]. Alternatively, increased colonization 

off  bacteria may occur as a consequence of increased expression of attachment receptors. For 

instance,, the platelet activating factor receptor (PAFR) has been suggested to play a critical 
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rolee in colonization and invasion of Streptococcus pneumoniae [97]. However, clear evidence 

forr a role of the PAFR or other attachment receptors is not yet available. 

Severall  studies indicate that virus-infected individuals show an exaggerated inflammatory 

responsee upon stimulation by bacterial products such as staphylococcal enterotoxin B (SEB) 

andd LPS [98-100]. Cytokines like IFN-y, TNF-a and IL-6 are synergistically upregulated by 

SEBB or LPS during influenza infections in mice [100]. These results indicate that the 

enhancedd susceptibility to secondary bacterial infections, at least partially, depends on 

enhancedd responses to secondary stimuli [101, 102]. The production of inflammatory 

mediatorss in virus-infected airway epithelial cells is based on both transcriptional and 

posttranscriptionall  regulation [103, 104]. Parainfluenza virus infection results in decreased 

degradationn of mRNA, that are rapidly degraded, specifically those encoding response 

proteins.. Secondary stimulation by either TNF-a or LPS leads to transcription of response 

genes,, like IL-6 and IL-8. Increased transcription on one hand and reduced mRNA 

degradationn on the other hand leads to increased expression levels of these messengers which 

iss paralleled by enhanced IL-6 and IL-8 production. At present, the mechanism of virus-

inducedd mRNA stabilization is not known. Several studies indicate that total protein synthesis 

playss a critical role in mRNA stabilization [103-106], Total protein synthesis is reduced 

duringg viral infections in order to prevent biosynthesis of viral proteins [66-68, 103, 104]. 

Paradoxically,, reduced total protein synthesis during viral infection in airway epithelial cells 

resultss in exaggerated IL-6 and IL-8 responses after secondary stimulation. Likewise, 

translationall  inhibition by cycloheximide leads to enhanced IL-6 and IL-8 production by 

airwayy epithelial cells upon stimulation by TNF-a or LPS [105]. It is thought that inhibition 

off  total protein synthesis leads to reduced expression of mRNA degrading enzymes. One of 

thee mechanisms by which viruses reduce total protein synthesis involves the tryptophan-

catabolizingg enzyme IDO [70, 71, 106]. The availability of tryptophan in the body is limited 

andd therefore degradation of this amino acid results in reduced total protein synthesis. At 

present,, it is not known whether IDO is directly induced by viruses or that IDO is expressed 

inn an IFN-y-dependent fashion. IFN-y pretreatment of airway epithelial cells leads to the 

expressionn of IDO and results in enhanced production of inflammatory mediators after TNF-a 

orr LPS stimulation [106]. Addition of tryptophan or methyltryptophan, an inhibitor of IDO, 

reversedd this exaggerated inflammatory response in airway epithelial cells. Macrophages 

[107],, DCs [108] and lymphocytes [109] have been shown to express IDO as well, but the 
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rolee of IDO in the potentiation of inflammatory responses has not been studied in these cells. 

Influenza-infectedd macrophages have been shown to increase the production of IL-ip , TNF-a 

andd IL-6 in response to LPS, but the underlying mechanism depends on translation of 

preformedd mRNA [101,110]. Alternative mechanisms may be responsible for the enhanced 

inflammatoryy response to secondary stimuli.. These enhanced responses could also be the 

resultt of leukocyte recruitment to the pulmonary compartment after primary viral infection. 

However,, the total number of recruited leukocytes declines rapidly after viral clearance, 

whereass individuals remain highly susceptible for several weeks after recovery from viral 

infectionn [94]. 

Thee enhanced susceptibility to secondary bacterial infections has been explained by reduced 

phagocyticc capacity as well [102, 111]. Degranulation of neutrophils is impaired after 

influenzaa virus infection in vitro and in vivo, which results in enhanced bacterial outgrowth. 

Thee increased number of bacteria may explain the enhanced inflammatory response [112]. On 

thee other hand, the release IL-10, an anti-inflammatory cytokine, may reduce the phagocytic 

capacityy of these neutrophils too [113-115]. This latter mechanism illustrates the complexity 

off  enhanced susceptibility to secondary bacterial infections during and shortly after recovery 

fromfrom influenza virus infections. Increased colonization, enhanced inflammation and reduced 

neutrophill  function may all contribute to the pathology observed during secondary bacterial 

pneumonia.. The explanations that are summarized here do not exclude each other. 

OutlineOutline and scope of this thesis 

AA complex interaction between immune competent cells and the release of soluble mediators 

leadss to clearance of respiratory viruses. At the same time, individuals become highly 

susceptiblee to secondary bacterial complications. The aim of this thesis is to obtain insight in 

thee innate immune responses to primary viral infections and how these viral infections change 

thee host response to secondary bacterial complications. 

Mouse-modelss for pulmonary infection for influenza and parainfluenza (Sendai) virus were 

adoptedd to study innate immune responses to these viruses. Since RSV has been shown to 

inducee cytokine release via TLR4, we hypothesized that other negative-stranded RNA viruses 

alsoo activate this pathogen recognition receptor. The role of TLR4 during Sendai virus and 

influenzaa virus infection was studied in TLR4-mutant mice (chapter 2). The initial response to 

virall  infection comprises recruitment of several inflammatory cells and the release of 
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cytokiness to activate these cells. Both IL-12 and IL-18 are pro-inflammatory cytokines 

involvedd in the induction of Thl responses and thought to play a critical role in early host 

defensee against viruses. The role of these cytokines against influenza virus infection was 

studiedd in IL-12 p35-gene deficient mice and IL-18 gene deficient mice respectively (chapter 

33 and 4). 

Inn the second part of this thesis, several important aspects of bacterial complications during 

andd shortly after recovery from viral airway infections are discussed. In order to study these 

secondaryy bacterial infections, we extended the influenza mouse-model by administration of 

pneumococcii  shortly after recovery after influenza infection (day 14). This mouse-model for 

secondaryy bacterial infection is not biased by a concomitant viral infection, thus excluding 

directt interaction between the virus and bacteria. Pro- and anti-inflammatory cytokines 

contributee to the enhanced response to bacteria. The effect of IL-10, an anti-inflammatory 

cytokine,, was studied by administration of a neutralizing antibody against IL-10 shortly 

beforee bacterial infection (chapter 5). The regulation of pro- and anti-inflammatory mediators 

byy the tryptophan-catabolizing enzyme IDO was studied by implanting matrix-driven delivery 

pelletss with the IDO-inhibitor methyltryptophan (chapter 6). The modified inflammatory 

responsee early after viral infection was studied by administration of LPS to Sendai virus-

infectedd mice (chapter 7). LPS, a cell-wall component of gram-negative bacteria, was used to 

excludee interaction between influenza virus and bacteria. Combined infection of influenza 

viruss and H. influenzae, a gram-negative bacterium, was performed to study the effect on 

outgrowthh and/or clearance of both pathogens in vivo (chapter 8). Finally, attachment of 

pneumococcii  to the airway epithelium and the role of the PAF receptor in bacterial 

colonizationn during secondary pneumococcal pneumonia was studied in PAFR-gene deficient 

micee (chapter 9). Several aspects of secondary bacterial pneumonia, i.e. enhanced 

inflammation,, reduced neutrophil function, increased colonization and direct interaction 

betweenn virus and bacteria, are discussed in this thesis. Better understanding of the impact of 

virusess on host responses to bacterial infections may provide new targets to prevent or treat 

secondaryy bacterial complications. 
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Abstract t 

Toll-lik ee receptors (TLR) induce innate immune responses upon stimulation by a wide variety 

off  pathogens. TLR4 has been implicated in innate immunity against respiratory syncytial 

viruss (RSV) by an interaction with the viral envelope fusion (F) protein. Sendai virus (mouse 

parainfluenzaa type 1) shares many features with RSV, including a structurally and 

functionallyy similar F protein. To determine the role of TLR4 in host defense against Sendai 

viruss respiratory tract infection, TLR4 mutant and wildtype mice were intranasally infected 

withh Sendai virus. Sendai infection resulted in an increase in viral RNA copies in lung 

homogenatess peaking on day 4. Pulmonary viral loads, histopathology, cytokine levels and 

leukocytee influx were similar in TLR4 mutant and wildtype mice. In spite of the structural 

similaritiess shared by the F proteins of Sendai virus and RSV, TLR4 is not involved in host 

defensee against respiratory tract infection with Sendai virus. 
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Rolee of TLR4 during viral pneumonia 

Mammaliann toll-like receptors (TLRs) have been implicated in the induction of innate 

immunee responses to several pathogens, including bacteria, mycobacteria and fungi [1,2]. 

TLRss recognize conserved motifs on pathogens, designated "pathogen-associated molecular 

patterns""  (PAMPs) that are not found in higher eukaryotes. At present, ten human TLRs have 

beenn identified, which recognize distinct PAMPs and detect microorganisms that express 

thesee PAMPs. For example, peptidoglycan interacts with TLR2 [3], flagellin with TLR5 [4], 

whereass CpG-motifs in bacterial DNA activate TLR9 [5]. After recognition by, and 

subsequentt activation of the TLR, an intracellular signaling cascade leads to activation of 

mitogenn activated protein kinases like Erk and p38, and transcription factor nuclear factor-KB 

[1]--

TLR44 is the signal transducing element of the lipopolysaccharide (LPS) receptor complex, 

andd considered to play an important role in innate immunity to gram-negative bacteria [1,2, 

6].. TLR4 can also interact with proteins, including heat shock proteins, fibronectin and taxol 

[2].. Recently, TLR4 was reported to be involved in innate immunity against respiratory 

syncytiall  virus (RSV) in mice [7, 8]. TLR4-deficient mice showed a delayed clearance of 

RSVV compared to wildtype mice, which was associated with reduced interleukin (IL)-12 

expressionn and impaired natural killer cell and mononuclear cell pulmonary trafficking. In 

vitroo studies revealed that activation of TLR4 is mediated by the RSV fusion protein (F 

protein),, which is a prominent component of the viral envelope [7-9]. 

Sendaii  virus (mouse parainfluenza virus type 1) shares many structural, pathogenic, 

epidemiologicc and clinical features with RSV [9, 10]. Interestingly, Sendai virus also 

expressess a fusion protein that shares structural features with the F proteins of RSV and other 

paramyxoviridae,, orthomyxoviridae and retroviridae as well (10). They are all type I integral 

membranee proteins synthesized as inactive precursor proteins that are activated upon cleavage 

byy host-cell proteases. After activation, the N-terminus forms a hydrophobic stretch, the so-

calledd fusion peptide, which is thought to be responsible for the actual merging of viral and 

cellularr membranes. Finally, all fusion proteins have one or two heptad repeats, which form a 

hydrophobicc core after trimerization of the fusion protein [10-12]. The F proteins of RSV and 

Sendai,, and especially the above-mentioned structural features, are integral to the 

pathogenesiss of infections with these viruses [9]. Therefore, in the present study we sought to 
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determinee the role of TLR4 in the innate immune response to respiratory tract infection with 

Sendaii  virus. We included influenza virus as a negative control, since it does not express a 

fusionn protein like RSV and Sendai virus, but instead uses the hemagglutinin-neuraminidase 

proteinn for attachment and fusion of the virus with the target cell [10]. 

Material ss and methods 

Mice Mice 

Pathogen-freee 8 week-old female C3H/HeN (wildtype) and C3H/HeJ (TLR4 mutant mice) 

weree obtained from Harlan-Sprague Dawley Inc. (Horst, Netherlands) and maintained at 

biosafety-levell  2. C3H/HeJ mice have been demonstrated to have a mis-sense mutation in the 

thirdd exon of TLR4, which results in a Pro712His substitution, yielding a nonfunctional TLR4 

[13,, 14]. All experiments were approved by the Animal Care and Use Committee of the 

Universityy of Amsterdam. 

ExperimentalExperimental virus infection 

Influenzaa A/PR/8/34 (ATCC no. VR-95; Rockville, MD) and Sendai (ATCC no. VR-105; 

Rockville,, MD) were grown on LLC-MK2 cells (RIVM, Bilthoven, Netherlands). Viruses 

weree harvested by a freeze/thaw cycle, followed by centrifugation at 680g for 10 minutes. 

Supernatantss were stored in aliquots at -80°C. Titration was performed in LLC-MK2 cells to 

calculatee the median tissue culture infective dose (TCID50) of the viral stocks [15]. A non-

infectedd cell culture was used for preparation of the control inoculum. None of the stocks 

weree contaminated by other respiratory viruses, i.e. influenza B, human parainfluenza type 1, 

2,, 3, 4A and 4B, RSV A and B, rhinovirus, enterovirus, corona virus and adenovirus, as 

determinedd by PCR or cell culture. Viral stocks were diluted just before use in phosphate-

bufferedd saline (PBS, pH 7.4). Mice were anesthetized by inhalation of isoflurane (Abbott 

Laboratories,, Kent, UK) and intranasally inoculated with 3 x 106 TCID50 Sendai (1062 viral 

copies),, 10 TCID50 influenza (1400 viral copies) or control in a final volume of 50 ul PBS. 

DeterminationDetermination of viral outgrowth 

Onn day 1, 4, 8 and 14, mice (6-8 mice per group) were anesthetized using 0.3 ml FFM 

(fentanyll  citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H20; of this 

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

Lungss were harvested and homogenized at 4°C in 4 volumes of sterile saline using a tissue 
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homogenizerr (Biospec Products, Bartlesville, OK). 100 ul of lung-homogenates were treated 

withh 1 ml Trizol reagent to extract RNA. RNA was resuspended in 10 (il DEPC-treated water. 

cDNAA synthesis was performed using 1 jil of the RNA-suspension and a random hexamer 

cDNAA synthesis kit (Applera, Foster City, CA). Five ul out of 25 ul cDNA-suspension was 

usedd for amplification in a quantitative real-time PCR reaction (ABI PRISM 7700 Sequence 

Detectorr System). The viral load present in a sample was calculated using standard curve of 

particlee counted Sendai or influenza virus included in every assay run. The following primers 

weree used: 5'-AGTACGATCGCAGTCCACCAT-3' (forward); 5'-

CGACAGGGCATCTCCAGAA-3'' (reverse), 5'-AGGGAATTGCCCCACTTGAGCCAC-3' 

(5'-FAMM labelled probe) for Sendai, and S'-GGACTGCAGCGTAGACGCTT-S' (forward); 5'-

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

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

CytokineCytokine measurements 

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. Supernatants were stored at -80°C until further use. 

Cytokiness in total-lung-lysates were measured by enzyme-linked immunosorbent assays 

accordingg to the manufacturers' instructions (interleukin(IL)-6 from R&D Systems, 

Minneapolis,, MN; interferon (IFN)-y and IL-12 p40 from Pharmingen, San Diego, CA). 

HistologicalHistological examination 

Thee left lung was harvested on day 4 or day 8 after viral infection, fixed in 10% formaline and 

embeddedd in paraffin. 4 urn sections were stained with hematoxylin and eosin (H/E) and were 

analyzedd by a pathologist. 

BronchoalveolarBronchoalveolar lavage (BAL) 

Thee tracheal tube was exposed through a midline incision and cannulated with a sterile 22-

gaugee Abbocath-T catheter (Abbott, Sligo, Ireland). BAL was performed by instillation of 

twoo 0.3-mL aliquots of sterile saline into the right lung. After centrifugating the retrieved 

BALL fluid (0.5 mL) at 260g for 10 min at 4°C, the pellet was resuspended in 0.5 mL sterile 

PBS.. Total cell numbers were counted under the microscope. Differential cell counts were 

donee on cytospin preparations stained with modified Giemsa stain (Diff-Quick; Baxter, UK). 
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StatisticalStatistical analysis 

Al ll  data are expressed as mean  SE. Differences between groups were analyzed by Mann-

Whitneyy U test. P < .05 was considered to represent a statistical significant difference. 

Results s 

ViralViral  load 

Virall  load was determined in total-lung-homogenates of wildtype mice and TLR4 mutant 

micee on day 1, 4, 8 and 14 after infection. Intranasal infection with Sendai resulted in an 

increasee in the viral load in lung-homogenates from day 1 to day 4 in wildtype mice (Figure 

1A).. Thereafter, the number of Sendai RNA copies declined, with low levels remaining on 

dayy 14 post-infection. Similar kinetics were found in TLR4 mutant mice (Figure 1 A, non-

significantt for the difference between the two mouse strains). Infection with influenza virus 

alsoo resulted in a transient increase in viral RNA copies in lung-homogenates, peaking after 4 

dayss (Figure IB). At day 14 post-infection, influenza RNA could no longer be detected. The 

kineticss of the influenza infection followed a virtually identical course in TLR4 mutant and 

wildtypee mice (non-significant for the difference between the two mouse strains). 
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Figuree 1: Viral kinetics by wildtype and TLR4 mutant mice for Sendai (A) and influenza (B). Viral load is 
expressedd as RNA copies per lung (mean  SE) as determined by real-time PCR (6-8 mice per group, similar 
resultss were obtained in three independent experiments). 

CytokineCytokine production 

Too assess whether TLR4 is involved in virus-induced cytokine expression, levels of IL-6, IL-

122 p40 and IFN-y in total-lung-lysates were measured on day 1, 4, 8 and 14 after infection. 

Sendaii  infection resulted in an upregulation of IL-6 on day 4 and day 8 post-infection, 
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returningg to baseline levels on day 14 after infection (figure 2A). IL-12 p40 was also 

upregulatedd on day 4 and day 8 and remained elevated on day 14 post-infection (figure 2C). 
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Figuree 2:Cytokine levels in the lungs of Sendai-infected mice (left panels) and influenza-infected mice (right 
panels):: IL-6 (A, B), IL-12 p40 (C, D) and IFN-y (E, F). Data are expressed in pg/g lung tissue (mean  SE, 6-8 
micee per group, similar results were obtained in three independent experiments). BD = below detection level, i.e. 
<< 1000 pg/g lung tissue. No differences were found between wildtype (filled bars) and TLR4 mutant mice (open 
bars)) at any time-point for these cytokines. 

Pulmonaryy IFN-y levels were significantly increased on day 8 after Sendai virus infection 

(figuree 2E). Differences between wildtype and TLR4 mutant mice were not observed for these 

cytokiness at any time-point after Sendai infection. Influenza infection resulted in upregulation 

31 1 



Chapterr 2 

off  IL-6 on day 4 and a further increase on day 8 post-infection (figure 2B). Like in Sendai-

infectedd mice, IL-12 p40 was upregulated from day 4 up to day 14 after viral infection (figure 

2D)) and IFN-y was elevated on day 8 after viral infection (figure 2F). No differences in 

cytokinee production were found for wildtype and TLR4 mutant mice after influenza infection. 

Sendaii  Influenza 

wildtypee TLR4 mutant wildtype TLR4 mutant 

wildtypee TLR4 mutant wildtype TLR4 mutant 

Figuree 3: Inflammatory response upon Sendai virus infection and influenza virus infection on day 4 (figure A 
andd B resp.) and day 8 (figure C and D resp.) post-infection. Lung slides (6 mice per group) were stained by 
hematoxylinn and eosin (original magnification 33x). Representative slides are shown. 

HistopathologicalHistopathological analysis 

Too identify differences in inflammation, histopathological analysis of H/E stained lung-slides 

fromm day 4 and day 8 after viral infection was performed. Similar patterns of inflammation 

weree observed for Sendai virus and influenza virus. Infection with Sendai virus and influenza 

viruss resulted in interstitial inflammation, endothelialitis, pleuritis and sometimes oedema on 

dayy 4 (figure 3A and 3B) and day 8 (figure 3C and 3D) in wildtype mice. Focal necrosis 

togetherr with apoptotic granulocytes was observed in Sendai-infected, but not in influenza-

infectedd mice. Inflammation was similar in wildtype and TLR4 mutant mice on day 4 and day 

88 after infection for both viruses. 
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Sendai i 

totall  cell count3 

granulocytes8 8 

macrophages3 3 

lymphocytes3 3 

Influenza a 

totall  cell counta 

granulocytes8 8 

macrophages3 3 

lymphocytes3 3 

b b 

b b 

877 1 

0.77  0.4 

b b 

b b 

1022 4 

0.88  0.3 

Tablee 1: Leukocytes in bronchoalveolar lavage fluid on day 4 and day 8 after Sendai virus (upper panel) or 
influenzaa virus (lower panel) infection. 

Dayy 4 Day 8 

wildtypee TLR4 mutant wildtype TLR4 mutant 

bb b b 

bb b b 

1199 3 b b 

1.22 6 b b 

1333 b b b 

bb b b 

1011 7 92 3 107 9 

1.33 5 b b 

aa Leukocyte counts (6-8 mice per group for each time-point) are expressed as absolute numbers (x 103). All data 
aree mean  SE. b p<.05 compared to uninfected mice (data not shown). No differences were found between 
wildtypee and TLR4 mutant mice at any time-point 

LeukocytesLeukocytes in bronchoalveolar lavage fluid 

Bronchoalveolarr lavage (BAL) was performed to identify leukocyte influx into the lungs on 

dayy 4 and day 8 after viral infection. Sendai infection was associated with an influx of 

granulocytess on day 4 and day 8 post-infection (table 1, upper panel). There is a tendancy for 

lowerr granulocyte numbers in BAL fluid of TLR4 mutant mice than wildtype mice on day 8 

post-infectionn (p = 0.13), whereas granulocyte numbers appear to be similar in BAL fluid of 

TLR44 mutant mice and wildtype mice on day 4 after infection. Macrophage and lymphocyte 

numberss in BAL fluid are increased on day 8 after infection (table 1, upper panel). No 

differencee was observed between TLR4 mutant mice and wildtype mice. Influenza infection 

elicitedd an influx of granulocytes on day 4 after viral infection, which was reduced on day 8 

afterr infection. Lymphocyte numbers were only increased on day 8 after influenza infection. 

Macrophagee numbers were not increased after influenza infection compared to uninfected 

controll  mice (table 1, lower panel and data not shown). The leukocyte influx was similar in 

wildtypee mice and TLR4 mutant mice after infection with influenza. 
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Discussion n 

RSVV and parainfluenza virus, both belonging to the family of paramyxoviridae, are important 

respiratoryy pathogens in children and adults [9]. Since TLR4 has been implicated in the innate 

immunee response to RSV by an interaction with thee envelope F protein, and since a 

structurallyy and functionally similar F protein is a significant factor in the pathogenesis of 

parainfluenzaa virus infections, we considered it of interest to investigate the role of TLR4 in 

hostt defense against respiratory tract infection by parainfluenza virus. We here demonstrate 

thatt TLR4 does not contribute to innate immunity during parainfluenza virus infection, as 

reflectedd by similar viral clearance and inflammatory responses in TLR4 mutant and wildtype 

mice. . 

Thee envelope of Sendai virus and human parainfluenza virus contains an F protein, which is 

involvedd in viral entry of the cell [9]. Kurt-Jones et al. recently demonstrated that purified 

RSVV F protein is capable of stimulating cytokine production by monocytes, through a TLR4-

dependentt mechanism [8]. This TLR4-dependent induction of inflammation by the RSV F 

proteinn corresponded with a reduced capacity of TLR4 mutant mice to clear RSV from their r 

respiratoryy tract [7, 8]. Our present finding that TLR4 does not contribute to host defense 

againstt Sendai infection could be explained in several mutually non-exclusive ways. The F 

proteinss of RSV and Sendai virus have been shown to share several structural features, like 

thee hydrophobic N-terminal region and the heptad repeats [9, 10]. Our data seem to indicate 

thatt the Sendai F protein does not interact with TLR4. Therefore, the interaction between 

RSVV F protein and TLR4 may depend on an unique sequence rather than a molecular pattern. 

Indeed,, there are no major regions with identical amino acid sequence in the RSV F protein 

andd the Sendai F protein [10]. Alternatively, glycosylation of the F protein, which has been 

shownn to be different for RSV and Sendai [16, 17], may account for the activation of TLR4 

byy the RSV F protein. Furthermore, the activation of the RSV F protein requires no other 

protein,, whereas Sendai requires the hemagglutinin-neuraminidase (HN) protein to activate 

thee F protein [10]. This interaction between the F protein and the HN protein in Sendai and/or 

thee difference in glycosylation of the F protein may prevent recognition of the Sendai F 

proteinn by TLR4. Nevertheless, Sendai virus can be effectively cleared by the host, which 

suggestss that other as yet unidentified PAMPs expressed by Sendai virus, interacting with 

TLRss other than TLR4, may be more important for the early interaction with the host. 
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Bothh Sendai virus and influenza virus have been shown to upregulate TLR1, TLR2, TLR3 

andd TLR7 in human macrophages, whereas other TLRs, including TLR4, were not affected 

byy Sendai virus and influenza virus infection [18]. Similarly, TLR3 is also upregulated in 

A5499 epithelial cells after Sendai infection, but TLR4 expression remains unchanged. 

Interferonss seem to play an important role in the expression of TLRs on macrophages and 

epithelial.. However, both type I and type II interferons are not able to induce TLR4 

expressionn on human macrophages or epithelial cells. Taken together, host defense against 

Sendaii  virus does not require upregulation and/or activation of TLR4. 

Inn this study we included influenza virus infection as a "negative control" considering that 

thiss virus does not express an F protein in its envelope. We indeed found that TLR4 is not 

involvedd in the host response to influenza virus. Haynes et al. reported similar findings, i.e. 

C57BL/10ScNCrr mice, which are TLR4-deficient, displayed an unaffected innate response to 

pulmonaryy infection with influenza [7]. Together, it is clear that components of the innate 

immunee system other than TLR4 mediate protection against primary influenza infection. One 

off  the receptors that may be important for innate immunity against RNA viruses is TLR3, 

whichh recognizes double-stranded RNA [19]. However, data of the in vivo relevance of TLR3 

inn viral infections are not yet available. 

Inn conclusion, we found that host resistance against Sendai virus is not mediated by TLR4, 

suggestingg that mis receptor is not important for innate immunity against all F protein-

containingg RNA viruses. Similarly, our laboratory recently reported that TLR4 mutant mice 

displayy a normal resistance against the gram-negative bacterium Legionella pneumophila 

[20],, indicating that the role of TLR4 in host defense against LPS-expressing microorganisms 

alsoo is not universal. Slight differences in the composition of certain PAMPs and/or 

coexpressionn of other PAMPs on the same microorganism requiring a cooperative action of 

differentt TLRs may be critical for the innate recognition of viruses and microbes. 
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Abstract t 

TT helper 1-driven immune responses have been implicated in protective immunity against 

virall  infections. Interleukin (IL)-12 is a heterodimeric proinflammatory cytokine formed by a 

p355 and a p40 subunit that can induce differentiation of naive T cells towards a T helper 1-

response.. To determine the role of IL-12 in respiratory tract infection with influenza, p35 

genee deficient (p35"/_) and normal wild type mice were intranasally infected with influenza A 

virus.. IL-12 p35_/" mice displayed a transiently enhanced rather than an impaired viral 

clearance,, as indicated by a 10-fold reduction in viral loads on day 8 after infection. Although 

interferon-yy levels were significantly lower in the lungs of IL-12 p35"" mice, their cellular 

immunee responses were not altered, as reflected by similar T cell CD69 expression and 

influenza-specificc T cell recruitment. These data strongly argue against a role for IL-12 in 

hostt defense against influenza A infection. 
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Rolee of IL-12 during influenza infection 

Influenzaa A virus usually causes upper respiratory tract infection associated with fever, chills, 

cough,, soar throat, headache, general malaise and sometimes nausea and myalgia. In addition, 

primaryy influenza infection may lead to pneumonia [1,2]. Host defense against influenza 

viruss is accomplished by an interplay between innate and adaptive immune responses. 

Adaptivee immunity against respiratory tract infection with influenza virus is mediated through 

antigenn presentation by macrophages and dendritic cells [3]. Virus-infected cells are able to 

producee several cytokines and chemokines that facilitate the adaptive immune response 

againstt influenza virus [4]. 

IL-12,, is a heterodimeric cytokine, which consists of a p35 subunit and a p40 subunit (IL-12 

p70).. The expression of bothh subunits is independently regulated, whereby the p40 subunit is 

expressedd in excess to the p35 subunit [6], Therefore, most of the p40 subunit is present as 

monomerr or homodimer [7, 8]. The p40 subunit can also dimerize with a pi9 subunit to form 

IL-233 [9]. IL-12 has been shown to induce proliferation and differentiation of T cells towards 

interferonn (IFN-y) producing T helper (Th) 1 cells. IL-12 is also able to induce interferon 

(IFN)-yy production in natural killer (NK) cells. Like IL-12, IL-23 has been shown to induce 

proliferationn of naive T cells and the production of IFN-y [10]. IFN-y is considered to be the 

mostt important antiviral mediator during influenza infection and induces several antiviral 

mechanisms,, including inhibition of viral replication in virus infected cells [11], 

Althoughh T-cell mediated immune responses have been shown to be important in protective 

immunityy against influenza virus [12], the role of IL-12 herein is less clear. Administration of 

recombinantt IL-12 to influenza infected mice has been reported to enhance [13] or to delay 

[14]]  the clearance of influenza A. In many viral infections, including influenza, the 

endogenouss production of IL-12 seems limited [15-19], and treatment with an anti-IL-12 

antibodyy only modestly and transiently impaired the clearance of influenza virus from the 

lungss of mice [16]. Of note, in this sole study in which the role of endogenous IL-12 in host 

defensee against influenza A was investigated an antibody raised against the p40 subunit was 

usedd to inhibit IL-12p70 activity [16]. In that investigation the extent of IL-12 neutralization 

wass not evaluated. Moreover, since the p40 component of IL-12p70 is also part of IL-23, it is 

likelyy that this antibody also influenced the activity of endogenous IL-23 [20]. In the present 
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studyy we sought to determine the role of endogenous IL-12 in the host response to influenza 

AA virus by making use of p35 gene deficient mice, animals in which IL-12 is the only 

cytokinee that cannot be produced. 

Material ss 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-12 pSS'mice on a C57B1/6 

backgroundd were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred in the 

animall  facility of the Academic Medical Center. Normal wildtype C57BL/6 mice were 

obtainedd from Harlan Sprague-Dawley (Horst, The Netherlands). Sex- and age-matched (8-

weekk old) mice were used in all experiments. 

ExperimentalExperimental virus infection 

Influenzaa infection was induced as described previously [21]. In brief, influenza A/PR/8/34 

(ATCCC no. VR-95; Rockville, MD) was grown on LLC-MK2 cells (RIVM, Bilthoven, 

Netherlands).. Virus was harvested by a freeze/thaw cycle, followed by centrifugation at 680g 

forr 10 minutes. Supernatants were stored in aliquots at -80°C. Titration was performed in 

LLC-MK22 cells to calculate the median tissue culture infective dose (TCID50) of the viral 

stockk [22]. A non-infected cell culture was used for preparation of the control inoculum. None 

off  the stocks were contaminated by other respiratory viruses, i.e. influenza B, human 

parainfluenzaa type 1, 2, 3, 4A and 4B, RSV A and B, rhinovirus, enterovirus, corona virus 

andd adenovirus, as determined by PCR or cell culture. Viral stock was diluted just before use 

inn phosphate-buffered saline (PBS, pH 7.4). Mice were anesthetized by inhalation of 

isofluranee (Abbott Laboratories, Kent, UK) and intranasally inoculated with 10 TCID50 

influenzaa (1400 viral copies) or control in a final volume of 50 ul PBS. 

DeterminationDetermination of viral outgrowth 

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

PCRR as described [21,23]. On day 4, 8 and 12, mice (6-8 mice per group) were anesthetized 

usingg 0.3 ml FFM (fentanyl citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 

mg/mll  in H20; of this mixture 7.0 ml/kg intraperitoneally) and sacrificed by bleeding out the 

venaa cava inferior. Lungs were harvested and homogenized at 4°C in 4 volumes of sterile 
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salinee using a tissue homogenizer (Biospec Products, Bartlesville, OK). 100 ul of lung-

homogenatess were treated with 1 ml Trizol reagent to extract RNA. RNA was resuspended in 

100 ul DEPC-treated water. cDNA synthesis was performed using 1 ul of the RNA-suspension 

andd a random hexamer cDNA synthesis kit (Applera, Foster City, CA). Five ul out of 25 ul 

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

PRISMM 7700 Sequence Detector System). The viral load present in a sample was calculated 

usingg a standard curve of particle counted influenza virus included in every assay run. The 

followingg primers were used: 5'-GGACTGCAGCGTAGACGCTT-3' (forward); 5'-

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

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

CytokineCytokine assays 

Lungg homogenates were lysed with an equal volume of lysisbuffer (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 680 g for 10 minutes. Supernatants were stored at -80°C until further use. 

Cytokinee levels in total-lung-lysates were measured by enzyme-linked immunosorbent assays 

accordingg to the manufacturers' instructions (interleukin(IL)-6 from R&D Systems, 

Minneapolis,, MN; interferon (IFN)-y, IL-12 p40 and IL-12 p70 from Pharmingen, San Diego, 

CA).. In addition, IL-12 p70 were measured by Cytometric Bead Assay (CBA) (BD 

Biosciences,, San Jose, CA). The detection limits of the IL-12 p70 assays were 32 pg/ml 

(ELISA)) and 20 pg/ml (CBA) resulting in detection limits of 320 pg/g and 200 pg/g lung 

tissuee respectively. 

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 (BALF, 

approximatelyy 0.8 mL) was spun at 260g for 10 min at 4°C and the pellet was resuspended in 

0.55 mL sterile PBS. Total cell numbers were counted using a Z2 Coulter Particle Count and 

Sizee Analyzer (Beckman-Coulter Inc., Miami, FL). Differential cell counts were done on 

cytospinn preparations stained with modified Giemsa stain (Diff-Quick; Baxter, UK). 
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HistologicalHistological examination 

Thee left lung was harvested on day 4 or day 8 after viral infection, fixed in 10% formaline and 

embeddedd in paraffin. 4 urn sections were stained with hematoxylin and eosin (H/E) and were 

analyzedd by a pathologist. 

FlowFlow cytometry 

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

Cellss (106) were collected in 96-well U-bottomed plates in F ACS staining buffer (PBS with 

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

CD4-PEE (clone RM4-5, PharMingen, San Diego, CA), anti-CD8-APC (clone 53-6.7, 

PharMingen,, San Diego, CA) and anti-CD69-FITC monoclonal antibodies (clone H1.2F3, 

PharMingen,, San Diego, CA). Alternatively, cells were stained with with CD8-APC, and a 

PE-labeledd tetrameric complex of H-2Db molecules with the PR/8 influenza virus 

nucleoproteinn epitope ASNENMETM (NP366-374; tetramers were kindly provided by T. 

Schumacher,, Netherlands Cancer Institute, Amsterdam, The Netherlands). Splenic cell 

suspensionss were obtained on day 21 after viral infection and stained with CD8-FITC (clone 

53-6.7,, PharMingen, San Diego, CA), CD44-PE (clone IM7, PharMingen, San Diego, CA) 

andd APC-labeled PR-tetramers. FACS analysis was done on a FACSCalibur with Cell Quest 

softwaree (BD Biosciences, San Jose, CA). 

StatisticalStatistical analysis 

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

thee Mann-Whitney U test. P < 0.05 was considered to represent a statistically significant 

difference. . 

Results s 

ExpressionExpression ofIL-12p40 andIL-I2p70 during influenza virus infection 

Pulmonaryy levels of IL-12 p40 and IL-12 p70 were measured in total lung-homogenates at 

severall  time-points to determine the expression of these mediators after influenza virus 

infection.. Pulmonary levels of IL-12 p40 were elevated on days 8 and 12 after viral infection 

andd had returned to control levels on day 21 postinfection (Figure 1). Using two different 

assayss (ELISA and CBA), IL-12 p70 could not be detected in total lung lysates of influenza 

infectedd mice, indicating that IL-12 p70 concentrations did not exceed 200 pg/g lung tissue. 
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Figuree 1: IL-12 p40 expression after 
influenzaa virus infection. Pulmonary 
IL-122 p40 levels in total-lung 
homogenatess were measured in 
influenza-virus-infectedd mice (open 
bars)) and control mice (filled bars) on 
dayy 4, 8, 12 and 21 after intranasal 
inoculationn (6-8 mice per group). Data 
aree expressed in pg/g lungtissue (mean 

 SE). * p < 0.05 vs control mice. 

ViralViral  load 

Too investigate the role of IL-12 on viral titers after influenza virus infection, we inoculated 

IL-122 p35~'~ and wildtype mice and measured the viral load in the lungs over time. Viral load 

wass 10-fold lower in IL-12 p35_/~ mice than in wildtypee mice on day 8 after infection (p = 

0.05).. Similar viral titers in wildtype mice and IL-12 p35_/~ mice were found on days 4 and 12 

afterr infection. Hence, these data indicate that IL-12 transiently impairs clearance of influenza 

AA  in vivo (Figure 2). 

Figuree 2: Viral load in the lungs of IL-
122 p35"" mice. Viral load was 
determinedd on day 4, 8 and 12 after 
influenzaa virus infection (7 mice per 
time-point)) in IL-12 p35*" mice (open 
bars)) and wildtype mice (filled bars). 
Virall  load is expressed as viral RNA 
copiess per lung. In control mice 
influenzaa could not be detected either 
(44 mice per time-point, data not 
shown). . 

dayy 4 day 8 dayy 12 

PulmonaryPulmonary cytokine levels 

Too obtain insight in the role of IL-12 in cytokine release during influenza infection, IL-6, 

IFN-yy and IL-12 p40 concentrations were measured in total lung lysates of IL-12 p35"A and 

wildtypee mice, 4, 8 and 12 days after infection. IL-6 levels were similar in both mouse strains 

att all time-points (Figure 3). IFN-y levels were significantly lower in IL-12 p35v" mice than in 

wildtypee mice on day 8 (p = 0.0058) and day 12 (p = 0.0064) after infection (Figure 3B). IL-

122 p40 levels were significantly higher in IL-12 p35_/" mice than in wildtype mice on day 8 (p 

== 0.02) and day 12 (p=0.002) after infection (Figure 3C). 
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Figuree 3: Cytokine expression in the lungs of IL-12 p35"' mice. IL-6 (A), IFN-y (B) and IL-12 p40 (C) levels in 
total-lungg homogenates were measured in IL-12 p35"" mice (open bars) and wildtype mice (filled bars) on day 4, 
88 and 12 after influenza virus infection (7 mice per group). Data are expressed in pg/g lungtissue (mean  SE). * 
pp < 0.05 vs wildtype mice. 

CellularCellular immune response to influenza virus infection 

Too investigate the role of IL-12 in the cellular immune response to influenza A we determined 

expressionn of CD69, an early activation-marker, on CD4+ and CD8+ T cells isolated from the 

lungss on day 8 after viral infection. Cell-surface expression of CD69 was similar on CD4+ 

andd CD8+ T cells of IL-12 p35_/" mice and wildtype mice (Figure 4 A and 4B), indicating that 

activationn of T cells is not affected by IL-12 deficiency. We also investigated whether IL-12 

regulatess the recruitment of influenza-specific T cells into the lungs by using tetramer-

staining.. No differences were observed between IL-12 p35 "" mice and wildtype mice, 

indicatingg that IL-12 does not play a role in the cellular immune response to influenza virus 

(Figuree 4C). 
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Figuree 4: CD69 expression and influenza specific T-cell recruitment in IL-12 p35"' mice. CD69 expression on 
lung-derivedd CD4+ (A) and CD8+ (B) T cells in IL-12 p35_/" mice (open bars) and wildtype mice (filled bars) on 
dayy 8 after influenza virus infection (6 mice per group). Influenza-specific T cell recruitment was determined by 
tetramer-stainingg (C) in IL-12 p35"'" mice (open bars) and wildtype mice (filled bars) on day 8 after viral 
infectionn (6 mice per group). All data are expressed as percentage of total number of CD4+ or CD8+ T cells in 
thee lungs. Total leukocyte numbers in the lungs on day 8 after viral infection were similar in IL-12 p35" mice 
andd wildtype mice (data not shown). 
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Figuree 5: Memory T cell formation in the spleen of IL-12 p35"" mice. Influenza-specific T cell recruitment was 
determinedd by tetramer-staining (A) in IL-12 p35~'" mice (open bars) and wildtype mice (filled bars) on day 21 
afterr viral infection (6 mice per group). CD44 expression on spleen-derived CD8+ (B) T cells in IL-12 p35"~ 
micee (open bars) and wildtype mice (filled bars) on day 21 after influenza virus infection (6 mice). Data are 
expressedd as percentage of total number of CD8+ T cells in the lungs. Total leukocyte numbers in the spleen on 
dayy 21 after viral infection were similar in IL-12 p35"" mice and wildtype mice (data not shown). 

Too exclude that IL-12 plays a regulatory role in memory T cell formation, we determined the 

totall  number of influenza-specific T cells in the spleen on day 21 after influenza infection. 

Again,, no difference was observed in IL-12 p35~A mice and wildtype mice (Figure 5A). To 

confirmm a memory phenotype of these influenza-specific T cells in the spleen, we determined 

CD444 expression on these T cells. In both wildtype and IL-12 p35"A mice, more than 95% of 

thee influenza-specific T cells expressed CD44 on the cell-surface (Figure 5B). These data 

indicatee that IL-12 does not regulate T cell activation or T cell memory formation during 

influenzaa virus infection in vivo. 

Tablee 1: Cells in BAL fluid 

Cellss (xlO3) 

tt  = 4 tt  = 

wildtypee IL-12 p35 -/- wildtypee IL-12 p35 -/-

Totall  cell count 

Macrophages s 

Polymorphonuclearr cells 

Lymphocytes s 

3488 1 478 7 

1800 7 218 8 

1677 8 258 6 

NDD ND 

3022 3 160 3 

2200 5 135 9 

733 1 22 2 

8.33 1 2.6 0 

Micee (n = 6 per group) received Influenza A i.n. on day 0. Bronchoalveolar lavage fluid was obtained on day 4 
andd day 8 after viral infection. All data are mean  SE. * p<.05 compared to wildtype mice. ND, not detectable, 
i.e.. < 0.5% of total cell counts. 
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CellsCells in BALF 

Too evaluate the role of IL-12 in cell recruitment to the lungs during influenza infection, BALF 

wass obtained on day 4 and day 8 after infection. On day 4, total cell counts and differentials 

weree similar in IL-12 p35"" mice and wildtype mice (Table 1). On day 8, BALF of IL-12 

p355 "mice contained less leukocytes than BALF of wildtype mice (p < 0.05, table 1). The 

relativee decreased leukocyte numbers in IL-12 p35""mice concerned both macrophages (p = 

0.10)) and neutrophils (p = 0.06). 

Figuree 6: Histopathology of the lungs of IL-12 p35" mice. Increased lung inflammation during influenza 
pneumonia.. Histopathological analysis of the lungs of IL-12 p35 -/- mice (B and D) and wildtype mice (A and 
C).. Lungs were isolated on day 4 (A and B) and day 8 (C and D) after viral infection and prepared for 
histopathologicall  analysis. Original magnification: lOOx. Slides are representative for 6 mice per group. 

Histopathology Histopathology 

Too identify differences in inflammation between wildtype mice and IL-12 p35"" mice, 

histopathologicall  analysis of H/E stained lung-slides from days 4 and 8 after infection was 

performed.. Influenza virus infection was associated with mild interstitial inflammation, 

endothelialitiss and bronchitis on day 4 after infection (Figure 6). The interstitial inflammation, 
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endothelialitiss and bronchitis were more pronounced on day 8 after viral infection and 

accompaniedd by pleuritis, focal necrosis together with apoptotic granulocytes (Figure 6). 

Differencess between wildtype mice and IL-12 p35~/_ mice were not observed. 

Discussion n 

Cellularr immunity plays an important role in viral clearance. Host defense against viral 

infectionss are predominantly mediated by Thl immune responses [4, 12]. Antigen-

presentationn by dendritic cells leads to the activation of naive T cells to proliferate and 

differentiatee into T helper cells [24]. Cytokines play a decisive role in the formation of either 

Thll  or Th2 responses. IL-12 has been implicated in the formation of Thl lymphocytes and is 

thereforee may play an important role in host defense against viral infections [4, 10]. In the 

presentt study we investigated the role of IL-12 during influenza virus infection by making use 

off  IL-12 p35_/" mice, in which the production of IL-12 is selectively eliminated. Our data 

demonstratee that IL-12 does not contribute to innate and adaptive immunity against influenza 

A.. If anything, IL-12 deficiency was associated with lower rather than higher viral loads at 8 

dayss after infection. 

Althoughh the lung levels of IL-12p70 did not exceed 200 pg per gram lung tissue, IL-12 p35_/" 

micee temporarily had lower viral loads and displayed significantly lower IFN-y 

concentrationss than wild type mice after influenza A infection. Previous studies support our 

findingg of marginal IL-12 production during influenza. Indeed, influenza-infected 

macrophagess did not produce significant amounts of IL-12 [15, 19] and influenza infection in 

micee resulted in IL-12 concentrations in lungs that were barely higher than in lungs of control 

micee [16, 18]. Our data expand the results of a previous study in which administration with an 

anti-p400 antibody (in theory inhibiting both IL-12 and IL-23 activity) modestly reduced local 

IFN-yy release during airway infection with influenza A [16]. The fact that very low 

concentrationss of IL-12 p70 can contribute to IFN-y production has also been demonstrated in 

otherr experimental conditions such as whole blood cultures stimulated with endotoxin or 

bacteriaa [25,26]. 

Inn light of the important role for IL-12 in IFN-y production, a logic assumption would have 

beenn that IL-12 p35_/" mice display a reduced resistance against influenza A. However, the 

evidencee for this assumption is not readily available in the literature. To the best of our 
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knowledgee only one study directly evaluated the role of endogenous IL-12 in host defense 

againstt influenza. In this investigation, Monteiro et al. [16] used an antibody directed against 

thee p40 subunit to inhibit IL-12 activity in influenza infected mice; the authors did not report 

too what extent IL-12 activity was inhibited by the antibody. In addition, it is quite likely that 

thee antibody also interfered with the activity of IL-23, a novel cytokine that shares the p40 

subunitt with IL-12p70 and further consists of a p 19 subunit [27]; this cytokine had yet to be 

discoveredd at the time Monteiro et al. published their study. Importantly, IL-23 can also direct 

Thll  responses and has been claimed to be more important in cellular immunity than IL-12 

[28].. Anti-p40 treatment was associated with modestly elevated influenza titers in lungs at 

threee days after infection when compared with mice treated with rat immunogobulin, whereas 

virall  loads were similar in both experimental groups at day 5 and day 7 after infection [16]. 

Ourr current finding that IL-12 p35~/_ mice had lower rather than higher influenza titers at day 

88 after infection strongly argues against a role for IL-12 in the protective immune response 

againstt this common virus. This notion is supported by an earlier study showing that 

administrationn of recombinant IL-12 to influenza infected mice delayed the clearance of 

influenzaa A [14], although this was not confirmed in another investigation [13]. Nonetheless, 

ourr data together with the results obtained by Monteiro et al. [16] indicate that further 

researchh is required to identify the role of IL-23 during influenza A infection. 

Wildtypee mice and IL-12 p35_/" mice displayed a similar cellular immune response against 

influenzaa A infection, as reflected by similar expression of CD69 and influenza-specific T cell 

receptorss on the surface of recruited lymphocytes when compared with wild type mice. Yet 

celll  counts in BALF indicate that the recruitment of neutrophils and to a lesser extent 

macrophagess was reduced in IL-12 p35 " mice. These reduced cell numbers on day 8 after 

infectionn could be the consequence of IL-12 deficiency, since IL-12 has been implicated in 

recruitmentt of macrophages [29-32] and neutrophils [33], via induction of other inflammatory 

mediators.. Alternatively, diminished cell numbers in IL-12 p35"" mice could have been 

causedd by reduced viral load, providing a less potent proinflammatory stimulus. Homodimeric 

p400 can function as a chemotactic factor for macrophages [34, 35], which has been shown to 

playy an important role during respiratory tract infection with Sendai virus in mice [36]. Here 

wee found elevated p40 concentrations in lungs of IL-12 p35" mice on day 8 and day 12 after 

infection.. Although we did not measure the amount of monomelic and homodimeric p40, 

previouss studies indicate that excess amounts of p40 consists for up to one-third of 

homodimericc p40-p40. Likely, the excess amount of p40 produced in IL-12 p35"" mice is, in 
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part,, present in a homodimeric form. Additional research is warranted to determine the 

contributionn of homodimeric p40 in host defense against influenza A. 

Inn conclusion, we here demonstrate that the host response to influenza A is only modestly 

alteredd in IL-12 p35_/" mice, animals that are totally and selectively deficient for IL-12. This 

findingg contrasts with numerous reports on strongly enhanced susceptibility of IL-12 deficient 

micee to infections by a variety of other pathogens, in particular mycobacteria and parasites 

(37).. Our data strongly suggest that endogenous IL-12 is not important for protective 

immunityy against respiratory tract infection with influenza A. 
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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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Introductio n 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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Material ss 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. 
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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. 
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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. 
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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. . 
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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. 
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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 
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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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Abstract t 

Secondaryy pneumococcal pneumonia is a serious complication during and shortly after 

influenzaa infection. We established a mouse-model to study post-influenza pneumococcal 

pneumoniaa and evaluated the role of IL-10 in host defense against Streptococcus pneumoniae 

afterr recovery from influenza infection. C57B1/6 mice were intranasally inoculated with 10 

TCID500 Influenza A (A/PR/8/34) or PBS (control) on day 0. By day 14 mice had regained 

theirr normal bodyweight and had cleared influenza virus from the lungs, as determined by 

real-timee quantitative PCR. At day 14 after viral infection, mice received 104 CFU S. 

pneumoniaepneumoniae (serotype 3) intranasally. Mice recovered from influenza infection were highly 

susceptiblee to subsequent pneumococcal pneumonia as reflected by a 100% lethality at day 3 

afterr bacterial infection, whereas control mice showed 17% lethality at day 3 and 83% 

lethalityy at day 6 after pneumococcal infection. Furthermore, 1000-fold higher bacterial 

countss at 48 hours after infection with S. pneumoniae and, particularly, 50-fold higher 

pulmonaryy levels of IL-10 were observed in influenza-recovered mice than in control mice. 

Treatmentt with an anti-IL-10 mAb one hour before bacterial inoculation resulted in reduced 

bacteriall  outgrowth and markedly reduced lethality during secondary bacterial pneumonia 

comparedd to IgGl-control treated mice. In conclusion, mild self-limiting Influenza A 

infectionn renders normal immunocompetent mice highly susceptible for pneumococcal 

pneumonia.. This increased susceptibilty for secondary bacterial pneumonia is, at least in part, 

causedd by excessive IL-10 production and reduced neutrophil function in the lungs. 
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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]. 

Thee excess mortality rates during the pandemics of 1918-1919 and 1957-1958 can mainly be 

contributedd to secondary bacterial complications [3]. Even nowadays, secondary bacterial 

pneumoniaa causes at least 20.000 deaths each year in the U.S. only [4]. Bacteria such as 

StaphylococcusStaphylococcus aureus and Haemophilus influenzae are known to cause post-influenza 

pneumonia,, but Streptococcus pneumoniae is the most prominent pathogen causing secondary 

bacteriall  pneumonia in recent decades [1]. Primary infection with this pathogen is usually less 

severee than secondary infection [5]. 

Thee severity of secondary bacterial pneumonia during or shortly after influenza infection is 

determinedd by a complex interaction between virus, bacteria and the host. During combined 

viral/bacteriall  infections, the severity of the infection can increase due to enhanced virulence 

off  the influenza virus facilitated by bacterial proteases [6]. However, the host remains more 

susceptiblee to bacterial infections for several weeks after clearance of the influenza virus, 

whichh indicates that the enhanced susceptibility is not only due to an increased viral virulence 

[7].. Influenza infection is known to increase adherence of and subsequent colonization with 

bacteriall  respiratory pathogens. Bacteria may adhere to the basal membrane after disruption of 

thee airway epithelial layer by the cytopathic effect of the virus [8]. It has also been suggested 

thatt the increased adherence is due to upregulation of receptors involved in the attachment of 

thesee bacteria [9]. Alternatively, influenza virus alters the innate immune response of the host 

too subsequent bacterial challenges as well. Several authors showed that influenza-infected 

micee were more sensitive to bacterial components, such as staphylococcal enterotoxin B 

(SEB)) and lipopolysaccharide (LPS) [10, 11]. Cytokines like IFN-y, TNF-a and IL-6 are 

synergisticallyy upregulated by SEB or LPS during influenza infections in mice. Influenza 

viruss has also been described to reduce neutrophil activity in mice, which results in decreased 

pulmonaryy clearance after secondary bacterial infection with S. pneumoniae [11]. These data 

clearlyy indicate that influenza virus alters the innate immune response to bacterial infections 

dramatically.. So far, littl e is known about the mechanism by which influenza virus modulates 

thee innate immune response to bacterial infections of the lungs. 
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Hostt defense against pneumococcal pneumonia is coordinated by the action of pro-

inflammatoryy and anti-inflammatory cytokines [12, 13]. In the current study, we present a 

mouse-modell  to study host defense against S. pneumoniae after recovery from influenza 

infection.. We show that the enhanced susceptibility of mice recovered from influenza 

infectionn for secondary pneumococcal pneumonia is accompanied by an exaggerated 

productionn of pro-inflammatory and anti-inflammatory cytokines. The finding of strikingly 

elevatedd pulmonary IL-10 concentrations in mice with post-influenza pneumonia compared 

withh mice with primary S1. pneumoniae pneumonia, and our previous finding of a detrimental 

rolee for endogenous IL-10 during primary pneumococcal pneumonia [14], prompted us to 

determinee the contribution of exaggerated IL-10 production during secondary bacterial 

pneumoniaa to the enhanced susceptibility to S. pneumoniae of mice recovered from influenza. 

Material ss 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 [15]. 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 anesthetized 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 u.1 PBS. Pneumococcal pneumonia was induced 14 days after 

inoculationn with influenza or control suspension according to previously described methods 

74 4 



IL-100 impairs host defense during post-influenza pneumonia 

[14,, 16, 17]. In brief, S. pneumoniae serotype 3 (ATCC 6303; Rockville, MD) was cultured 

forr 16 hours at 37°C in 5% C02 in Todd Hewitt broth. This suspension was diluted 100 times 

inn fresh 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 isofiurane and were 

inoculatedd with 50 ul of the bacterial suspension (104 CFU S. pneumoniae). Control mice 

receivedd 10 CFU S. pneumoniae as well. Bodyweight was measured daily during the course 

off  the first 14 days of the study (influenza vs control) and 48 hours after S. pneumoniae 

infection.. For experiments using neutralizing IL-10 monoclonal antibodies, mice were 

injectedd with JES5-2A5 (IgGl, 1 mg per mouse) or LO-DNP (control IgGl, 1 mg per mouse) 

intraperitoneally,, 1 hour before inoculation of the bacteria. JES5-2A5 has been used in several 

previouss studies to inhibit IL-10 in mice in vivo [14, 18-20]. 

DeterminationDetermination of viral outgrowth 

Virall  load was determined 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 [21]. Mice (8 mice per time-point) were anesthetized using 0.3 ml FFM (fentanyl 

citratee 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H20; of this mixture 7.0 

ml/kgg intraperitoneally) and sacrificed by bleeding out the vena cava inferior. Lungs were 

harvestedd and homogenized at 4°CC in 4 volumes of sterile saline using a tissue homogenizer 

(Biospecc Products, Bartlesville, OK). Hundred ul of lung homogenates were treated with 1 ml 

Trizoll  reagent to extract RNA. RNA was resuspended in 10 îl DEPC-treated water. cDNA 

synthesiss was performed using 1 ul of the RNA-suspension and a random hexamer cDNA 

synthesiss kit (Applera, Foster City, CA). 5 JJ.1 out of 25 ul cDNA-suspension was used for 

amplificationn in a quantitative real-time PCR reaction (ABI PRISM 7700 Sequence Detector 

System).. The viral load present in each sample was calculated using a standard curve of 

particle-countedd influenza virus (virus particles were counted by electron microscopy), 

includedd in every assay. The following primers were used: 5'-

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

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

HistopathologicalHistopathological analysis 

Lungss for histological examination were harvested 48 hours after pneumocococcal infection, 

fixedfixed in 10% formalin and embedded in paraffin. Four urn sections were stained with 

hematoxylinn and eosin and analyzed by a pathologist who was blinded from the groups. 

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). 

MyeloperoxidaseMyeloperoxidase activity measurents 

MPOO activity was measured as described previously [22]. Bronchoalveolar lavage was 5-fold 

dilutedd in potassium-phosphate buffer (pH 6.0) supplemented with 0.5% 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) at 37°C. 

Thee reaction 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-acivity is 

expressedd in U/mL BAL fluid. 1U is defined as the amount of MPO required to yield one 

00655-unitt per minute. MPO activity measurements in BAL fluid represents the activation 

statuss of polymorphonuclear cells (PMNs) present in the lung. 

CytokineCytokine and chemokine measurements 

Lungg homogenates were lysed with an equal volume of lysisbuffer (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 
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centrifugationn at 680 g for 10 minutes. Supernatants were stored at -80°C until further use. 

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-10,, KC and TNF-a measurements were obtained from R&D systems (Abingdon, UK); 

IFN-yy reagents were obtained from Pharmingen (San Diego, CA). 

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. 

Results s 

BodyweightBodyweight loss after influenza infection and secondary bacterial pneumonia 

Inn previous studies, influenza infection has been shown to induce bodyweight-loss [23]. 

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

mice.. In this study influenza infection led to a transient weight loss, starting on day 5 after 

virall  exposure (figure 1 A). Bodyweight reached its minimum on day 9 and returned to base-

linee level on day 13 after exposure. On day 14 both control mice and influenza-infected mice 

receivedd 104 CFU S. pneumoniae. Bodyweight decreased again after induction of 

pneumococcall  pneumonia in mice recovered from influenza infection (figure 1 A). 

Bodyweightt of control mice did not change (p < 0.0001 us mice with post-influenza 

pneumonia). . 

CompleteComplete viral clearance within 14 days after influenza infection 

Virall  load was determined by real-time quantitative PCR at several time-points after viral 

infectionn to follow viral load in time. Replication of the virus was observed between day 1 

andd day 4 after virus infection (figure IB). Viral load in the lungs peaked between day 4 and 

dayy 8 after influenza infection. On day 14 after viral infection, influenza virus could not be 

detectedd in lung homogenates, indicating that the virus had been cleared from the lungs. 

Althoughh several bacteria are known to increase virulence of the influenza virus, S. 

pneumoniaepneumoniae was not able to induce viral outgrowth on day 16 after viral infection, which 
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confirmss that the influenza virus had been completely cleared from the lungs on day 14 after 

virall  infection. 
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Figuree 1: Bodyweight and viral load in the lungs after influenza infection in mice. Bodyweight (A) of virus-
infectedd mice (triangles) and control mice (squares) was measured daily after intranasal inoculation (8 mice per 
group).. Viral load was determined on several time-points after influenza-infection (6-8 mice per time-point). 
Virall  load is expressed as viral RNA copies per lung (B). Influenza virus was below detection level (B.D.) on 
dayy 14 and day 16 (i.e. 48 hours after bacterial infection) after viral infection. In control mice influenza could not 
bee detected either (4 mice per time-point, data not shown). 

IncreasedIncreased lethality after pneumococcal infection in mice recovered from influenza 

Lethalityy was monitored at least twice a day after pneumococcal infection in mice (12 mice 

perr group) previously infected with influenza or control mice. Mice recovered from influenza 

infectionn appeared to be highly susceptible to secondary bacterial pneumonia as reflected by 

increasedd lethality after pneumococcal infection with 104 CFU S. pneumoniae (p < 0.0001 vs 

controll  mice; figure 2). 
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Figuree 2: Previous exposure to influenza 
resultss in enhanced lethality due to S. 
pneumoniaepneumoniae infection. Survival after 
pneumococcall  infection in mice 
previouslyy infected with influenza 
(triangles)) versus control mice (squares). 
Alll  mice (12 mice per group) received 
1044 CFU S. pneumoniae on day 14 after 
virall  infection and were monitored at 
leastt twice a day after pneumococcal 
infection. . 
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Pneumococcall  pneumonia resulted in 100% lethality in mice recovered from influenza 

infectionn by day 3 and, in comparison, 17% lethality in mice with primary pneumococcal 

infection.. Lethality in mice with primary pneumococcal infection increased up to 83% after 6 

dayss (figure 2); mortality in the remaining mice did not occur thereafter, increased up to 83% 

afterr 6 days (figure 2); mortality in the remaining mice did not occur thereafter. 

IncreasedIncreased bacterial outgrowth in mice recovered from influenza infection 

Too further assess the host defense against secondary pneumococcal infection, we determined 

thee bacterial outgrowth in the lungs. After 48 hours, just before the first deaths occurred, mice 

recoveredd from influenza infection showed a 1000-fold higher bacterial outgrowth compared 

too mice with primary pneumococcal infection (p = 0.0002 vs control mice, figure 3). 

Figuree 3: Enhanced outgrowth of pneumococci during 
post-influenzaa pneumonia. Bacterial outgrowth in the 
lungss after pneumococcal infection in mice previously 
infectedd with influenza (triangles) and control mice 
(squares).. All mice (8 mice per group) received 104 

CFUU 5. pneumoniae on day 14 after viral infection and 
weree sacrificed 48 hours later. Horizontal lines 
representt medians for each group. Note that one mouse 
inn control group had cleared the bacteria at 48 hours 
afterr infection (not shown in graph). 

HistopathologicalHistopathological analysis 

Forty-eightt hours after pneumococcal infection, lungs were harvested to prepare H/E stained 

lung-slidess for histopathological examination. Primary pneumococcal infection resulted in 

interstitiall  inflammation, bronchiolitis, endothelialitis and pleuritis as reflected by granulocyte 

infiltratess present in about 20% of the lung (figure 4). Mice recovered from influenza 

infectionn with secondary pneumococcal pneumonia showed severe interstitial inflammation, 

bronchiolitis,, endothelialitis and pleuritis in the entire lung. In contrast to mice with primary 

pneumococcall  infection, the infiltrates in the lungs of mice recovered from influenza 

consistedd of not only granulocytes, but also lymphocytes. These features of severe pneumonia 

aree obviously the result of secondary infection with 5". pneumoniae, since no significant 

pathologicall  findings were observed on day 12 after primary influenza virus infection (data 

nott shown). These observations indicate that pneumococcal infection in mice induces more 

severee pulmonary inflammation after recovery from influenza infection. 
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Figur ee 4: Increased lung inflammation during post-influenza pneumonia. Histopathological analysis of 
thee lungs of mice infected with influenza (C and D) or sham-infected control mice (A and B). Al l mice 
receivedd 104 CFU S. pneumoniae on day 14 after viral infection. Lungs were isolated 48 hours after 
pneumococcall  infection and prepared for histopathological analysis. A 10-fold magnification (A and C) 
wass used to compare the area of inflamed tissue. A 100-fold magnification (B and D) was used to identify 
infiltratingg cells in the pulmonary compartment. Slides are representative for 6 mice per group. 

LeukocyteLeukocyte influx in BAL fluid 

Too further assess innate immunity to S. pneumoniae after recovery from influenza infection, 

bronchoalveolarr lavage was performed to identify leukocyte influx into the lungs. Mice 

recoveredd from influenza infection demonstrated a substantial influx of leukocytes 48 hours 

afterr infection with S. pneumoniae, whereas primary pneumococcal infection as well as 

primaryy influenza infection causes only moderate recruitment of leukocytes to the lungs 

(Tablee 1). The increase in leukocyte numbers in BAL fluid after secondary pneumococcal 

pneumoniaa was mainly due to the recruitment of granulocytes (Table 1). Remarkably, mice 

withh secondary pneumococcal pneumonia showed a significantly lower number of 

lymphocytess in BAL fluid than saline-treated mice recovered from primary influenza 

infectionn (Table 1). 
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Tablee 1: Leukocytes in bronchoalveolar lavage fluid. 

PBS++ PBS+ Influenza + Influenza + 

Cellss (x 10) saline S. pneumoniae saline S. pneumoniae 

totall  cell count 

granulocytes s 

macrophages s 

lymphocytes s 

1166 2 

2.11 7 

1055 1 

2.33 8 

2400  55 

399 * 

1999 * 

1.99 7 

* * 

* * 

2244 * 

755  16* 

22311 t'ï 

17344 0 1 
t ' t t 

t 4 4 

Micee (n = 6 per group) received PBS or Influenza A i.n. at day 0, followed by S. pneumoniae i.n. or saline at day 
14.. Bronchoalveolar lavage fluid was obtained 48h after i.n. administration of S. pneumoniae or saline. All data 
aree mean  SE. p<.05 compared to PBS and saline-treated mice.f p<.05 compared to mice with primary 
pneumococcall  infection. * p<.05 compared to saline-treated mice recovered from influenza infection. 

Althoughh granulocyte numbers were significantly higher after secondary pneumococcal 

pneumonia,, MPO activity in BAL fluid appeared to be similar in mice with primary and 

secondaryy pneumococcal infection (figure 5). These data indicate that granulocyte activity is 

relativelyy reduced during secondary pneumococcal pneumonia. 

Figuree 5: Myeloperoxidase activity in 
bronchalveolarr lavage fluid 
MPOO activity in BAL fluid was measured for 
controll  mice, primary influenza infected mice, 
primaryy S. pneumoniae infected mice and 
secondaryy 5. pneumoniae infected mice on day 16 

_ ^ ^ _ __ a^ ter v ' r a' 'n o c ul a ti ° n , i.e. 48 hours after 
^^ JHwaaii ^^HM H pneumococcal infection. Mice (6 mice per group) 
3 11 HRÜK4 —I— WÊBËm received 10 TCIDW influenza or PBS on day 0 

andd 10 CFU S. pneumoniae or saline on day 14 
afterr viral infection. Data are expressed in U/mL 
(meann  SE). * p < 0.05 vs control mice and 
primaryy influenza infected mice. 

S.. pneu InfA InfA + S.pneu 

IncreasedIncreased cytokine and chemokine levels in lung homogenates of influenza-recovered mice 

Pneumococcall  infection elicits a number of inflammatory responses within the lungs. These 

responsess include the production of pro-inflammatory cytokines (TNF-a, IL-6, IFN-y) and 

chemokiness (KC). Pro-inflammatory cytokine and chemokine levels appeared to be 3 to 10-

foldd higher in lung homogenates of mice with post-influenza pneumococcal pneumonia 

comparedd to mice with primary pneumococcal infection (all p < 0.05; figure 6). Interestingly, 

micee recovered from influenza showed 20-fold higher concentrations of IL-10 in lung 

homogenatess than mice not previously exposed to influenza. Pulmonary cytokine levels were 
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similarr in control mice and influenza infected mice on day 14 and day 16 after infection 

(figuree 6). 

TNF-a(ng/g )) IFN-y (ng/g ) IL-6 (ng/g ) KC (ng/g ) IL-10(ng/g ) 

20-,, 20-, 30-, 80-, 24-

II control influenza a 

Figuree 6: Lung cytokine and chemokine concentrations on day 14 and day 16 after primary viral 
infectionn and 48 hours after primary and post-influenza pneumococcal pneumonia (+ S. pneu). Cytokine 
andd chemokine levels in total-lung homogenates were measured for mice previously infected with 
influenzaa virus (open bars) and control mice (filled bars). Mice (8 mice per group) received 104 CFU S. 
pneumoniaepneumoniae on day 14 after viral infection. Pulmonary levels of TNF-a, IFN-y, IL-6, KC and IL-10 are 
expressedd in ng/g lungtissue (mean  SE). * p < 0.05 vs control mice with primary pneumococcal 
pneumonia. . 

Anti-IL-10Anti-IL-10 reduces bacterial outgrowth 

IL-100 has been found to impair host defense during primary pneumococcal pneumonia [14]. 

Inn light of the markedly elevated IL-10 concentrations in lungs of mice with post-influenza 

pneumococcall  pneumonia, we considered it of interest to determine the contribution of IL-10 

inn the reduced antibacterial defense of these mice. For this, mice recovered from influenza 

infectionn were treated with a neutralizing monoclonal antibody against IL-10 one hour before 

pneumococcall  inoculation. Fourty-eight hours after pneumococcal infection, bacterial 

outgrowthh was significantly lower in anti-IL-10-treated mice compared to IgGl-control-
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treatedd mice (p = 0.02; figure 7). Thus, the high IL-10 levels after infection with S. 

pneumoniaepneumoniae in mice recovered from influenza impaired bacterial clearance. 

10--
O) ) 
c c 
3 3 

o o 

pp = 0.02 

*?""  ^ 

Controll IgG anti-IL-10 

Figuree 7: Anti-IL-10 reduces bacterial outgrowth during post-
influenzaa pneumonia. 5. pneumoniae CFU in the lungs after 
pneumococcall  infection in mice treated with a neutralizing antibody 
againstt IL-10 (triangles) and control IgGl treated mice (squares). All 
micee (8 mice per group) received 10 TCID50 influenza on day 0 and 
100 CFU S. pneumoniae on day 14 after viral infection and were 
sacrificedd 48 hours after pneumococcal infection. Anti-IL-10 or 
controll  IgGl were given intraperitoneally at 1 hour prior to infection 
withh 5. pneumoniae. Horizontal lines represent medians for each 
group. . 

CytokineCytokine response after treatment with anti-IL-10 

Cytokinee levels in lung homogenates were measured to determine the effect of anti-IL-10 on 

thee induction of pro-inflammatory mediators (figure 8). IL-6 and KC production appeared to 

bee similar in anti-IL-10-treated mice and IgGl control-treated mice. TNF-cc and IFN-y levels 

weree lower in anti-IL-10 treated mice than in control mice (both p < 0.05). 

TNF-aa (ng/g ) IFN-yy (ng/g ) IL-66 (ng/g ) KCC (ng/g ) 

Figuree 8: Effect of anti-IL-10 on cytokine and chemokine concentrations in the lung. Cytokine and chemokine 
levelss in total-lung homogenates were measured for mice treated with a neutralizing antibody against IL-10 
(openn bars) and control IgGl-treated mice (filled bars). All mice (8 mice per group) received 10 TCID50 

influenzaa on day 0 and 104 CFU 5. pneumoniae on day 14 after viral infection. TNF-a (upper left graph), IFN-y 
(lowerr left graph), IL-6 (upper right graph) and KC (lower right graph). Data are expressed in ng/g lungtissue 
(meann  SE). * p < 0.05 vs IgGl-treated mice. 

Anti-IL-10Anti-IL-10 improves survival during secondary pneumococcal infection 

Too assess whether the increased IL-10 levels adversely influenced survival during post-

influenzaa pneumonia, lethality was monitored in mice (12 mice per group) treated with the 

anti-IL-100 antibody or the IgGl control antibody (figure 9). Anti-IL-10 appeared to be 

protectivee against S. pneumoniae induced lethality in mice recovered from influenza infection 

ass reflected by a prolonged survival and increased survival rates compared to control 

antibody-treatedd mice (p = 0.0005). 
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Figuree 9: Anti-IL-10 improves survival during 
post-influenzaa pneumonia. Survival after 
pneumococcall  infection in mice treated with a 
neutralizingg antibody against IL-10 (triangles) vs 
controll  IgGl treated mice (squares). Mice (12 mice 
perr group) received 10 TCID50 influenza on day 0 
andd 104 CFU S. pneumoniae on day 14 after viral 
infectionn and were monitored at least twice a day 
afterr pneumococcal infection. 
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Discussion n 

Secondaryy bacterial infections are serious complications during and shortly after respiratory 

tractt infections with influenza virus. Several mechanisms have been proposed to explain the 

enhancedd susceptibility to secondary bacterial infections after viral infection. Many studies 

focusedd on the virus-induced damage of the respiratory epithelium as a factor in the enhanced 

susceptibilityy to secondary bacterial infections [8, 24-26]. Other investigations have pointed to 

aa decreased cellular immune response to bacteria, reflected by reduced chemotaxis and 

phagocyticc capacity [27-29]. We here show that pneumococcal pneumonia in mice recovered 

fromm influenza infection is associated with profoundly elevated IL-10 concentrations in the 

lungs,, and that these IL-10 levels contribute to the increased susceptibility to secondary 

bacteriall  pneumonia. 

Ourr present finding that influenza virus infection renders mice more susceptible to pneumonia 

causedd by S. pneumoniae confirms earlier reports of bacterial complications following 

influenzaa infection [9, 11]. In the earlier investigations mice were infected with S. 

pneumoniaepneumoniae on day 7 after inoculation with influenza virus. Our model for secondary 

bacteriall  pneumonia was designed to exclude direct interactions between influenza virus and 

S.S. pneumoniae. In particular, mice received the bacterial inoculum on day 14 after viral 

exposure,, i.e. at the time-point the virus was completely cleared from the lungs. By then, 

thesee mice had clinically recovered from influenza infection as reflected by normal 

bodyweight.. This time-point was also chosen since clinical data indicate that two weeks is a 

commonn interval between influenza infection and the occurrence of secondary bacterial 

complicationss [1,2]. Our data clearly indicate that mice remain highly susceptible to 
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secondaryy bacterial infections after recovery from airway infection from influenza virus. 

Indeed,, mice with post-influenza pneumococcal pneumonia showed an increased lethality and 

ann enhanced bacterial outgrowth in the lungs compared to mice with primary pneumococcal 

pneumonia. . 

Micee with 5. pneumoniae pneumonia preceded by influenza infection displayed an enhanced 

inflammatoryy response when compared to mice with primary pneumococcal infection, as 

indicatedd by histopathology, cell influx in BAL fluid and by higher cytokine and chemokine 

levelss in lung homogenates. Likely, this exaggerated inflammation was the consequence of 

thee much higher bacterial load, providing a stronger pro-inflammatory stimulus in these post-

influenzaa mice. In support of this notion are previous findings by Dallaire et al., 

demonstratingg that pulmonary cytokine levels correlate closely with the extent of bacterial 

outgrowthh during pneumococcal pneumonia [30]. Alternatively, colonization of S. 

pneumoniaepneumoniae may be due to the damage of the epithelial layer caused by an exaggerated 

inflammatoryy response. However, our data do not support this latter explanation, since 

neutralizationn of IL-10, an anti-inflammatory cytokine, appears to be protective. 

Micee recovered from influenza infection displayed much higher bacterial counts after 

infectionn with S. pneumoniae, yet had 50-fold higher neutrophil numbers in BAL fluid 

comparedd with mice with primary pneumococcal pneumonia. Likely, the increased neutrophil 

numberss were the result of the higher bacterial load, providing a more potent proinflamatory 

stimulus.. Indeed, in murine pneumococcal pneumonia the extent of inflammation is closely 

correlatedd with the number of bacteria [30]. Moreover, our data indicate that granulocyte 

functionn was significantly reduced during secondary pneumococcal pneumonia as reflected by 

similarr MPO activities in BAL fluid obtained in mice with primary and postinfluenza 

bacteriall  pneumonia (in spite of much higher neutrophil numbers in the latter group). Similar 

resultss were obtained by LeVine et al., who showed that MPO release by isolated 

bronchoalveolarr lavage neutrophils was significantly lower after pneumococcal infection in 

micee previously exposed to influenza (- 7 days) than in control mice [11]. Considering that 

IL-100 potently inhibits neutrophil functions including degranulation [31-33], we consider it 

highlyy likely that the elevated IL-10 levels in mice with postinfluenza pneumonia are at least 

inn part responsible for the relatively reduced neutrophil function. 
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Inn primaryy S. pneumoniae infection of the airways, endogenously produced IL-10 impairs 

hostt defense [14]. Similarly, IL-10 hampered an adequate immune response during murine 

KlebsiellaKlebsiella pneumoniae pneumonia [34], These data led us to hypothesize that the strongly 

elevatedd pulmonary levels of IL-10 in mice with post-influenza pneumococcal pneumonia 

weree important for the impairment of defense against S. pneumoniae. Our current findings 

providee evidence for this hypothesis, i.e. anti-IL-10 treatment directly before infection with S. 

pneumoniaepneumoniae reduced the outgrowth of pneumococci in lungs and increased survival, 

suggestingg a direct link between elevated IL-10 levels and the enhanced susceptibility to 

secondaryy bacterial infection. Interestingly, Steinhauser et al. used an approach identical to 

thee approach taken in the current study to establish that enhanced IL-10 production 

contributedd significantly to the diminished lung antibacterial defense against Pseudomonas 

aeruginosaaeruginosa in mice with abdominal sepsis induced by cecal ligation and puncture [35]. 

Togetherr these data point to an immunosuppressive effect of endogenous IL-10 in the 

respiratoryy tract for highly different conditions (abdominal sepsis and influenza infection of 

thee airways). 

Pro-inflammatoryy mediators like IL-6 and KC were not influenced by anti-IL-10 treatment, 

whereass TNF-a and IFN-y concentrations even were decreased in anti-IL-10 treated mice. 

Thesee findings contrast with earlier findings in primary pneumococcal pneumonia, where 

anti-IL-100 treatment resulted in increased TNF-a and IFN-y concentrations in the lungs [14]. 

Althoughh IL-10 is expected to inhibit the production of proinflammatory cytokines, it is 

conceivablee that the reduced bacterial load in the lungs of mice administered with anti-IL-10 

resultedd in an attenuated proinflammatory stimulus and masked the potentiating effect of anti-

IL-100 on the production of these mediators. In line, Dallaire et al. have shown that 

proinflammatoryy cytokine levels in lungs of mice with pneumococcal pneumonia closely 

correlatee with the bacterial load [27]. Likewise, in a model of Listeria monocytogenes 

infection,, anti-IL-10 treatment reduced bacterial outgrowth and concurrently inhibited the 

expressionn of proinflammatory cytokine gene expression in the liver [36]. 

Off  note, some difference existed in the mortality curves of mice with postinfluenza 

pneumococcall  pneumonia that were not treated with anti-IL-10 shown in Figures 2 and 9. 

Althoughh only in the latter experiment mice were treated with control IgG, we consider it 

likelyy that this difference is the result of biovariability related to the fact that these 

experimentss were done with an interval of several months using different "shipments" of 
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mice.. In addition, the model described in this manuscript uses two subsequent infections, and 

bothh infections without doubt have a certain variability in inoculum size and infection 

efficiencyy leading to subtle differences in pathology. However, we would like to emphasize 

thatt all experiments were done in an appropriately controlled way, i.e. the groups to be 

comparedd were always infected at the same time using exactly the same inoculum. 

Primaryy influenza virus infection leads to recruitment of lymphocytes and macrophages, 

whichh are both able to release IL-10 [32]. Macrophages, at least in part, may be responsible 

forr the exaggerated IL-10 production, since macrophage numbers were further increased after 

secondaryy infection with S. pneumoniae, whereas lymphocyte numbers were significantly 

reduced.. However, a 2-fold increase in macrophage numbers cannot fully account for a 50-

foldd increase in IL-10 production, unless these macrophages have become hyperresponsive to 

secondaryy bacterial challenges. An alternative explanation for this discrepancy is that other 

cell-typess produce high amounts of IL-10 as well. In this context, lymphocytes cannot be 

excludedd as a prominent source of IL-10, since lymphocyte numbers are still higher after 

secondaryy infection with S. pneumoniae than after primary infection with S. pneumoniae. 

Furtherr research is required to identify the cellular source of IL-10 and to unravel the 

mechanismm by which influenza virus predisposes to an exaggerated IL-10 production upon 

infectionn with S. pneumoniae. 

Itt is well established that influenza infection renders the host more susceptible to secondary 

pneumococcall  pneumonia. We here demonstrate that IL-10 is an important mediator of an 

immunosuppressivee state, predisposing to a fulminant course of respiratory tract infection 

withh S. pneumoniae, from which the host still suffers after clinical recovery and complete 

clearancee of the virus. Further research is warranted to determine whether neutralization of 

IL-100 provides an additional approach to early therapy of post-influenzaa pneumococcal 

pneumonia. . 
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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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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 

96 6 



Rolee of IDO during post-influenza pneumonia 

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 

98 8 



Rolee of IDO during post-influenza pneumonia 

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 

99 9 



Chapterr 6 

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). 
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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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Abstract t 

Virall  upper respiratory tract infections usually induce a mild inflammatory response leading 

too common cold symptoms such as cough and sneezing. Although viral infections may induce 

pneumonia,, bacterial complications are a much more common cause of pneumonia. The 

severee outcome of these superinfections is at least in part due to an exaggerated inflammatory 

response.. In the present study mice infected for 3 days with replicating Sendai virus show an 

enhancedd inflammatory response to LPS as reflected by increased pulmonary IL-6 levels and 

increasedd neutrophil numbers in bronchoalveolar lavage fluid. TNF-a, KC and IP-10 levels 

weree not further increased after LPS challenge, indicating that these mediators are regulated 

inn a different way than IL-6. Taken together, lower respiratory tract infection with Sendai 

viruss in normal immunocompetent mice show an exaggerated inflammatory response to LPS. 

Thiss exaggerated inflammatory response may contribute to the severe outcome of secondary 

infectionss with gram-negative bacteria. 
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Introductio n n 

Virall  upper respiratory tract infections usually cause typical 'common-cold' symptoms, such 

ass sneezing and cough, sometimes accompanied by headache, nausea, myalgia and mild fever 

[1-3].. These symptoms correlate with an inflammatory response in the upper airways, which 

iss associated with the recruitment and activation of inflammatory cells and the production of 

pro-inflammatoryy mediators like IL-6 and IL-8 [4-7]. Viral airway infections in healthy 

humanss may lead to pneumonia, but superinfections with bacteria such as Streptococcus 

pneumoniae,pneumoniae, Staphylococcus aureus or Haemophilus influenzae are a much more common 

causee of pneumonia [12-14]. Secondary bacterial challenges induce an exaggerated 

inflammatoryy response and may lead to premature death [15-17], This enhanced inflammatory 

responsee is partly explained by increased colonization of bacteria to the basal membrane or 

thee airway epithelial layer [18]. The enhanced inflammatory response may also be due to 

hyperresponsivenesss to bacterial components such as LPS and staphylococcal enterotoxin B 

(SEB),, suggesting that a viral infection enhances the inflammatory response to secondary 

stimulii  such as LPS and SEB [19,20]. In patients with chronically inflamed tissue, such as 

seenn in asthma and chronic obstructive pulmonary disease (COPD), viral infections may 

synergizee with the pre-existing inflammatory responses, which may lead to exacerbations of 

thee disease [8-10]. 

Takenn together, viral airway infections can amplify inflammatory responses to existing 

(chronicc inflammation) and to occurring (secondary bacterial infection) inflammatory 

challenges.. The mechanisms that lead to these enhanced inflammatory responses are still not 

known.. Recently, our laboratory showed that cultured airway epithelial-like cells (NCI-H292) 

becomee highly responsive to TNF-a and LPS after infection with human parainfluenza virus 

(HPIV)) type 4 [21,22]. The exaggerated production of IL-6 and IL-8 was dependent on both 

transcriptionall  and posttranscriptional regulation. The exaggerated production of these pro-

inflammatoryy mediators were not observed in NCI-H292 cells infected with UV-irradiated, 

i.e.. replication deficient, HPIV. 

Inn the present study, we investigated whether these exaggerated pro-inflammatory mediator 

responsess occurred in vivo. We used a mouse-model for Sendai virus (murine parainfluenza 

typee 1) infection to study responses to LPS as a secondary stimulus. UV-irradiated Sendai-
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viruss as well as mock infection as controls to identify the role of viral replication in virus-

inducedd responsiveness to LPS. 

Material ss 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 

Sendaii  virus (ATCC VR-105; 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 [23]. To obtain replication deficient Sendai-virus, 1 ml of the viral 

stockk was inactivated in a petri-dish (5 cm diameter) at a distance of 1 cm under a 254 nm 

UV-lampp (Desaga MinUVIS, Heidelberg, Germany). A non-infected cell culture was used for 

preparationn of the control inoculum (mock infection). None of the stocks were contaminated 

byy other respiratory viruses, i.e. influenza A and B, human parainfluenza type 1, 2, 3, 4A and 

4B,, RSV A and B, rhinovirus, enterovirus, corona virus and adenovirus, as determined by 

PCRR or cell culture. Viral stock and control inoculum were diluted just before use in 

phosphate-bufferedd saline (PBS, pH 7.4). Mice were anesthetized by inhalation of isoflurane 

(Abbottt Laboratories, Kent, UK) and intranasally inoculated with 106 TCID50 Sendai virus, 

UV-inactivatedd Sendai virus or control inoculum in a final volume of 50 ul PBS. For LPS-

hyperresponsivenesss experiments 1 ug LPS (E. coli strain 055:B5, Fluka, Zwijndrecht, 

Netherlands)) was administered intranasally under isoflurane anesthesia on day 3 after viral 

infection. . 

DeterminationDetermination of viral outgrowth 

Virall  load was determined on day 1, 3, 5 and 8 after viral infection using real-time 

quantitativee PCR as described [24]. Mice (8 mice per time-point) were anesthetized using 0.3 

mll  FFM (fentanyl citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H2O; 
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off  this mixture 7.0 ml/kg intraperitoneally) and sacrificed by bleeding out the vena cava 

inferior.. Lungs were harvested and homogenized at 4°C in 4 volumes of sterile saline using a 

tissuee homogenizer (Biospec Products, Bartlesville, OK). Hundred ul of lung homogenates 

weree treated 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 Sendai virus (virus particles were counted by electron 

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

AGTACGATCGCAGTCCACCAT-3'' (forward); 5'-CGACAGGGCATCTCCAGAA-3' 

(reverse),, 5'-AGGGAATTGCCCCACTTGAGCCAC-3' (5'-FAM labelled probe). 

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 

Lungg homogenates were lysed with an equal volume of lysisbuffer (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 680 g for 10 minutes. Supernatants were stored at -80°C until further use. 

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 

andd IP-10 measurements were obtained from R&D systems (Abingdon, UK). 
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StatisticalStatistical analysis 

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

weree analysed by Mann-Whitney U test, p < 0.05 was considered to represent a statistically 

significantt difference. 

Results s 

ViralViral  load in lungs over time 

Virall  load was measured using real-time quantitative PCR. Viral replication was observed 

betweenn day 1 and day 5 after viral infection after which viral load decreased (Figure 1). In 

micee inoculated with UV-inactivated Sendai virus a 100-fold lower number of viral copies 

wass detected on day 1 after infection. Replication was still observed between day 1 and 5 

afterr infection, indicating that UV-inactivation of Sendai virus occurred with approximately 

99%% efficiency. Sendai virus was not detected in the lungs of mice that received a mock 
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Figuree 1: Viral replication after Sendai 
viruss infection. Viral load was determined 
onn day 1, 3, 5 and 8 after infection with 
Sendaii  virus (squares) or UV-inactivated 
viruss (triangles). Viral load is expressed as 
virall  RNA copies per lung (mean  SE, 8 
micee per group). In control mice Sendai 
viruss could not be detected (4 mice per 
time-point,, data not shown). 
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CellCell influx in BAL fluid 

Sendaii  virus infection resulted in an influx of inflammatory cells into the lungs (Figure 2). 

Neutrophill  numbers were increased in BAL-flui d on day 3 after viral infection, were maximal 

onn day 5 after viral infection and started to decline thereafter. Lymphocyte numbers and non-

lymphocytee mononuclear cells were significantly increased on day 5 and day 8 after viral 

infection.. These cellular infiltrates were not present in mice inoculated with either control 

inoculumm or UV-inactivated virus. These data indicate that although the UV-inactivated virus 

stilll  has a limited capacity to replicate, the amount of replicating virus is not sufficient to 

inducee influx of inflammatory cells into the lungs. 
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Figuree 2: Cell differentials in BALF after Sendai virus infection. 
Bronchoalveolarr lavage was performed on day 1,3,5 and 8 after infection with Sendai virus (filled bars) or UV-
inactivatedd virus (open bars). Total cell counts, neutrophils, macrophages and lymphocytes are expressed as 
meann  SE (x 10\ 5-8 mice per group). 

CytokineCytokine and chemokine production in the lungs 

Cytokinee and chemokine levels in total-lung-homogenates were measured on day 1, 3, 5 and 8 

afterr infection. Both IL-6 and IP-10 levels were increased in total-lung-homogenates on day 

3,, 5 and 8 after Sendai virus infection (Figure 3 A and B). Production of KC was only elevated 

onn day 3 after infection (Figure 3D). Sendai virus infection resulted in slightly increased 

TNF-aTNF-a levels on day 3, 5 and 8 (Figure 3C). None of these mediators were elevated in total-

lung-homogenatess of mice exposed to UV-inactivated virus. 

ExaggeratedExaggerated IL-6 responses upon stimulation with LPS on day 3 after viral infection 

LPSS was administered on day 3 after Sendai virus infection. Cytokine and chemokine levels 

weree measured in total-lung-homogenates 2 hours after LPS administration (Figure 4). LPS 

challengee resulted in IL-6 production in both Sendai-virus infected mice and mice treated 

withh UV-inactivated virus. IL-6 was synergistically produced after LPS administration in 

Sendaii  virus-infected mice (Figure 4A). Intranasal administration of LPS did not further 
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increasee IP-10 production in Sendai-virus infected mice, whereas mice treated with UV-

inactivatedd virus showed an increase in IP-10 levels in the lungs (Figure 4B). 
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Figuree 3: Pulmonary cytokine and chemokine levels in Sendai virus-infected mice. IL-6, IP-10, TNF-a and KC 
levelss in the lungs were measured on day 1,3, 5 and 8 after infection with Sendai virus (filled bars) or UV-
inactivatedd virus (open bars). IL-6 and IP-10 levels are expressed in ng/g lungtissue (mean  SE, 8 mice per 
group). . 

LPSS challenge resulted in a 50-fold increase in TNF-a levels in the lungs. No difference was 

observedd between Sendai virus infected mice and mice treated with UV-inactivated virus 

(Figuree 4C). KC levels in the lungs were increased after LPS challenge in both Sendai virus-

infectedd mice and mice treated with UV-inactivated virus. Sendai virus did not enhance KC 

productionn in the lungs in response to LPS (Figure 4D). 

CellCell influx in BALF after LPS challenge in Sendai infected mice 

LPSS was administered on day 3 after Sendai virus infection. Sendai virus infection resulted in 

ann increase in neutrophils, whereas macrophages were not elevated on day 3 after Sendai 

infectionn (Figure 2). Similar results were observed 2 hours after NaCl treatment in Sendai 

virus-infectedd mice. LPS challenge resulted in a small increase in the number of macrophages 

forr both groups (Figure 5). Neutrophil recruitment was induced by intranasal challenge with 

LPSS in control mice (not shown) and mice treated with UV-inactivated virus. 
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Figuree 4: Cytokine and chemokine production after LPS challenge in Sendai-infected mice. Mice were 
intranasallyy challenged with NaCI or LPS on day 3 after infection with Sendai virus (filled bars) or UV-
inactivatedd virus (open bars). IL-6, IP-10, TNF-a and KC levels were measured 2 hours after LPS or NaCI 
challenge.. Cytokine and chemokine levels are expressed in ng/g lungtissue (mean  SE, 6 mice per group). * p < 
0.055 vs mice treated with UV-inactivated virus. **  p < < 0.05 vs NaCl-treated mice with similar viral exposure. 
** **  p < 0.05 vs mice treated with UV-inactivated virus and vs NaCl-treated mice with similar viral exposure. 

LPSS challenge in Sendai-virus infected mice further, and significantly, increased neutrophil 

numberss in BALF. Macrophage numbers were similar in NaCI- and LPS-treated mice for both 

groupss (Figure 5). 
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Figuree 5: Cell influx in BALF after LPS challenge in Sendai virus infected mice. Mice were challenged with 
LPSS on day 3 after infection with Sendai virus (filled bars) or Uv inactivated virus (open bars). Macrophages and 
neutrophilss are expressed as mean  SE (x 10\ 5-6 mice per group). * p < < 0.05 vs mice treated with UV 
inactivatedd virus. **  p < 0.05 vs NaCL-treated mice with similar viral exposure. ** *  p < < 0.05 vs mice treated 
withh UV inactivated virus and vs NaCl-treated mice with similar viral exposure. 

Discussion n 

Parainfluenzaa virus infection is associated with typical common-cold symptoms such as 

cough,, sneezing, soar throat and mild fever [1-3], which is associated with the production of 

inflammatoryy mediators. Viral infections predispose the host to a more pronounced pro-

inflammatoryy mediator response to inflammatory stimuli such as LPS [20,25]. In the present 
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studyy we show that IL-6 is synergistically upregulated after intranasal LPS treatment in 

Sendai-viruss infected mice but not in control mice or mice exposed to UV-inactivated virus. 

Thiss enhanced response to LPS was accompanied by increased numbers of neutrophils in 

BALL fluid. 

IL-6,, IP-10 and KC were produced in the lungs after Sendai virus infection, whereas control 

micee and mice inoculated with UV-inactivated virus displayed low levels of these cytokines 

inn the lungs. TNF-a levels were modestly increased in Sendai-infected mice. The production 

off  these mediators correlates with viral load in the lungs. Replication of the virus was 

observedd in mice inoculated with live virus as well as UV inactivated virus. However, viral 

loadss were 100-fold higher in mice infected with live virus. Together, these data indicate that 

productionn of inflammatory mediators depends on either viral load and/or the extent of viral 

replication. . 

Sendaii  virus-infected mice displayed an exaggerated IL-6 production upon LPS stimulation 

comparedd to control mice. In contrast, IP-10, KC and TNF-a production upon stimulation 

withh LPS were not enhanced in Sendai virus infected mice. This exaggerated IL-6 response 

cann be explained in several mutually non-exclusive ways. Recently, our laboratory showed 

thatt HPIV type 4 infection in NCI-H292 airway epithelial-like cells resulted in an exaggerated 

IL-66 and IL-8 response upon stimulation with TNF-a and LPS [21, 22]. This enhanced IL-6 

andd IL-8 production was dependent on both transcriptional and posttranscriptional regulation. 

Stabilizationn of IL-6 and IL-8 mRNA by HPIV infection resulted in excessive IL-6 and IL-8 

proteinn synthesis after secondary stimulation. Similarly, synergism between IFN-y on IL-6 

andd IL-8 responses by airway epithelial cells depends on reduced mRNA degradation [26]. 

Thiss mechanism of increased mRNA stability may account for the enhanced IL-6 production 

duringg Sendai virus infection in vivo. Of note, Sendai virus has been described as an 

epitheliotropicc virus. Although production of IP-10, KC and TNF-a is not further enhanced 

byy LPS stimulation, stabilisation of these messengers cannot be excluded. In the present study 

wee show that Sendai virus appears to be a potent stimulus of IP-10 production. However, 

toolss to prove stabilization of mRNA in vivo are currently not available. The ability to 

determinee mRNA degradation rates is mainly hampered by increased mRNA levels from of 

inflammatoryy cells recruited to the pulmonary compartment. 
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Inflammatoryy cells recruited to the lungs may also contribute to the enhanced IL-6 

production.. Neutrophilic influx was observed on day 3, 5 and 8 after infection. Strikingly, 

synergisticc IL-6 responses were observed on day 3 after viral infection. Neutrophil 

recruitmentt was further increased after LPS stimulation on day 3 after viral infection. Likely, 

neutrophilss were already present in the submucosa of the airways and easily recruited to the 

alveolarr space after LPS challenge. Still, LPS challenge in mice treated with UV-inactivated 

viruss resulted in neutrophil recruitment as well. This enhanced neutrophil influx did not 

correlatee with the production of either KC or IP-10, an ELR+ and an ELR- CXC chemokine 

respectively.. Especially ELR+ CXC chemokines have been implicated in neutrophil 

recruitmentt [27]. Other chemokines, not included in this study, may have played a critical role 

inn neutrophil recruitment. In addition, the expression of adhesion molecules as well as 

epitheliall  permeability may have contributed to increased neutrophil numbers after LPS 

stimulationn in Sendai-virus infected mice. 

Duringg viral infections, resident cells, such as epithelial cells and alveolar macrophages, may 

showw enhanced responses to LPS. The signalling pathways required for IL-6 production after 

Sendaii  virus infection or LPS stimulation are likely different. Cross-talk between these 

pathwayss may exist, resulting in enhanced IL-6 production after LPS stimulation in Sendai 

virus-infectedd mice. LPS activates Toll-like receptor (TLR) 4 and requires either MyD88 or 

TRIFF for downstream signalling [28,29]. Recently, our laboratory showed that the early host 

responsee to Sendai virus does not involve TLR4 [24]. Paramyxoviridae like Sendai virus 

producee double-stranded RNA during viral replication [30]. Since double-stranded RNA has 

beenn shown to activate TLR3 [31], which requires TRIF for downstream signalling [32], it 

couldd be suggested that Sendai virus induces cytokine production in a TLR3 and TRIF-

dependentt fashion. Remarkably, IP-10 production was not enhanced after LPS stimulation on 

dayy 3 after viral infection. LPS and Sendai virus may require the same signalling pathway to 

inducee IP-10. LPS did not further increase IP-10 production, neither synergistically nor 

additively,, which is explained by TRIF-dependent induction of IP-10 by LPS. However, it 

cannott be excluded that the high IP-10 levels present in the lung on day 3 after viral infection 

maskedd the LPS-induced IP-10 production. LPS challenge resulted in TNF-a and KC 

productionn in the lungs, whereas Sendai virus alone induced relatively modest amounts of 

thesee mediators. No synergistic effects were observed after LPS treatment in Sendai infected 

mice.. Further research is warranted to address the role of TRIF in LPS and Sendai virus-

inducedd cytokine production. 
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Inn conclusion, Sendai virus infection in mice modifies the inflammatory response to 

secondaryy challenges with LPS. These enhanced inflammatory responses may, at least in part, 

explainn the increased susceptibility to secondary infections with gram-negative bacteria. 

Similarly,, our group recently showed that mice previously infected with influenza virus 

becamee highly susceptible to Streptococcus pneumoniae, a gram-positive bacterium [17]. It 

shouldd be noted that S. pneumoniae was inoculated after complete viral clearance, i.e. 14 days 

afterr viral infection. Additional mechanisms may play a critical role in post-influenza 

pneumoniaa as well. In both cases, secondary immune challenge results in excessive 

productionn of inflammatory mediators. Whether the underlying mechanism involves 

inhibitionn of labile mRNA degradation or an alternative pathway remains to be elucidated. 

Acknowlegdment 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.. Heikkinen, T. and Jarvinen, A. 2003. The common cold. Lancet. 361:51 
2.. Makela, M.J. Puhakka, T. Ruuskanen, O. Leinonen, M. Saikku, P. Kimpimaki, M. Blomqvist, S. 

Hyypia,, T. and Arstila, P. 1998. Viruses and bacteria in the etiology of the common cold. J. Clin. 
Microbiol.. 36:539 

3.. Engel, J.P. 1995. Viral upper respiratory infections. Semin. Respir. Infect. 10:3 
4.. Gwaltney, J.M. Jr. 1995. Rhinovirus infection of the normal human airway. Am. J. Respir. Crit. Care. 

152:536 6 
5.. Trigg, C.J. Nicholson, K.G. Wang, J.H. Ireland, D.C. Jordan, S. Duddle, J.M. Hamilton, S. and Davies, 

R.J.. 1996. Bronchial inflammation and the common cold: a comparison of atopic and non-atopic 
individuals.. Clin. Exp. Allergy. 26:665 

6.. Pizzichini, M.M. Pizzichini, E. Efthimiadis, A. Chauhan, A.J. Johnston, S.L. Hussack, P. Mahony, J. 
Dolovich,, J. and Hargreave, F.E. 1998. Asthma and natural colds. Inflammatory indices in induced 
sputum:: a feasibility study. Am. J. Respir. Crit. Care Med. 158:1178 

7.. Oh, J.W. Lee, H.B. Park, I.K. and Kang, J.O. 2002. Interleukin-6, interleukin-8, interleukin-11, and 
interferon-gammaa levels in nasopharyngeal aspirates from wheezing children with respiratory syncytial 
viruss or influenza A virus infection. Pediatr. Allergy Immunol. 13:350 

8.. Tuffaha, A. Gern, J.E. and Lemanske, R.F. Jr. 2000. The role of respiratory viruses in acute and chronic 
asthma.. Clin. Chest. Med. 21: 289 

9.. Wark, P. A. Gibson, P.G. and Johnston, S.L. 2001. Exacerbations of asthma: addressing the triggers and 
treatments.. Monaldi Arch. Chest Dis. 56:429 

10.. Seemungal, T.A. and Wedzicha, J.A. 2003. Viral infections in obstructive airway diseases. Curr. Opin. 
Pulm.. Med. 9:111 

11.. Rachelefsky, G. 2003. Treating exacerbations of asthma in children: the role of systemic corticosteroids. 
Pediatricss 112:382 

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

120 0 



Sendaii  vims infection amplifies responses to LPS 

13.. 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. 

14.. De Roux, A. Marcos, M.A. Garcia, E. Mensa, J. Ewig, S. Lode, H. and Torres A. 2004. Viral 
Community-Acquiredd Pneumonia in Nonimmunocompromised Adults. Chest 125:1343 

15.. O'Brien, K.L. Walters, M.I. Sellman, J. Quinlisk, P. Regnery, H. Schwartz, B. and Dowell, S.F. 2000. 
Severee pneumococcal pneumonia in previously healthy children: the role of preceding influenza 
infection.. Clin. Infect. Dis. 30:784 

16.. Le Vine, A.M. Koenigsknecht, V. and Stark J.M. 2001. Decreased pulmonary clearance of 5. 
pneumoniaepneumoniae following influenza A infection in mice. J. Virol. Methods. 94:173 

17.. 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. 2004. IL-10 is an important mediator of the enhanced 
susceptibilityy to pneumococcal pneumonia after influenza infection. J. Immunol. 172:7603 

18.. 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 

19.. Zhang, W.J. Sarawar, S. Nguyen, P. Daly, K. Rehg, J.E. Doherty, P.C. Woodland, D.L. and Blackman, 
M.A.. 1996. Lethyl synergism between influenza and staphylococcal enterotoxin B in mice. J. Immunol. 
157:5049 9 

20.. Gong, J.H. Sprenger, H. Hinder, F. Bender, A. Schmidt, A. Horch, S. Nain, M. and Gemsa, D. 1991. 
Influenzaa A virus infection of macrophages. Enhanced tumor necrosis factor-alpha (TNF-alpha) gene 
expressionn and lipopolysaccharide-triggered TNF-alpha release. J. Immunol. 147:3507 

21.. Roger, T. Bresser, P. Snoek, M. van der Sluijs, K. van den Berg,, A. Nijhuis, M.. Jansen, H.M and 
Lutter,, R. 2004. Infection with parainfluenza virus type 4 stabilizes IL-8 and IL-6 mRNA and leads to 
exaggeratedd IL-8 and IL-6 responses to TNF-a in NCI-H292 cells. Am. J. Physiol. Submitted 

22.. Lutter, R. van Wissen, M. Roger, T. Bresser, P. van der Sluijs, K. Nijhuis, M. and Jansen H.M. 2003. 
Mechanismss that potentially underlie virus-induced exaggerated inflammatory responses by airway 
epitheliall  cells. Chest 123:391S 

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

24.. 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-like receptor 4 is not involved in host defense against respiratory tract 
infectionn with Sendai virus. Immunol. Letters 89: 201 

25.. Nguyen, K.B. and Biron, C.A. 1999. Synergism for cytokine-mediated disease during concurrent 
endotoxinn and viral challenges: roles for NK and T cell IFN-gamma production. J. Immunol. 162:5238 

26.. 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 9 

27.. Aoki, K. Ishida, Y. Kikuta, N. Kawai, H. Kuroiwa, M. and Sato, H. 2002. Role of CXC chemokines in 
thee enhancement of LPS-induced neutrophil accumulation in the lung of mice by dexamethasone. 
Biochem.. Biophys. Res. Commun. 294:1101 

28.. Kawai, T. Adachi, O. Ogawa, T. Takeda, K. and Akira, S. 1999. Unresponsiveness of MyD88-deficient 
micee to endotoxin. Immunity 11:115 

29.. Yamamoto, M. Sato, S. Mori, K. Hoshino, K. Takeuchi, O. Takeda, K. and Akira S. 2002. Cutting edge: 
aa novel Toll/lL-1 receptor domain-containing adapter that preferentially activates the IFN-beta promoter 
inn the Toll-lik e receptor signaling. J. Immunol. 169:6668 

30.. Meegan, J.M. and Marcus, P.I. 1989. Double-stranded ribonuclease coinduced with interferon. Science 
244:1089 9 

31.. Alexopoulou, L. Holt, A.C. Medzhitov, R. and Flavell R. A. 2001. Recognition of double-stranded RNA 
andd activation of NF-kappaB by Toll-lik e receptor 3. Nature 413:732 

32.. Hoebe, K. Janssen, E.M. Kim, S.O. Alexopoulou, L. Flavell, R.A. Han, J. and Beutler, B. 2003. 
Upregulationn of costimulatory molecules induced by lipopolysaccharide and double-stranded RNA 
occurss by Trif-dependent and Trif-independent pathways. Nat. Immunol. 4:1223 

121 1 





Chapterr 8 

Non-typablee Haemophilus influenzae binds influenza A virus 

andd reduces viral outgrowth in vitro and in vivo 

Koenraadd F. van der Stuijs, Nico A. Maris, Monique Nijhuis, Sandrine Florquin, Tom van der Poll, Henk M. 

Jansenn and René Lutter 



Chapterr 8 

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 

127 7 



Chapterr 8 

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. 
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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). 
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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. 
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Abstract t 

Althoughh influenza infection alone may lead to pneumonia, secondary bacterial infections are 

aa much more common cause of pneumonia. Streptococcus (S.) pneumoniae is the most 

frequentlyy isolated causative pathogen during postinfluenza pneumonia. Considering that S. 

pneumoniaepneumoniae utilizes the platelet-activating factor receptor (PAFR) to the invade respiratory 

epitheliumm and that the PAFR is upregulated during viral infection, we here used PAFR gene 

deficientt (PAFR7) mice to determine the role of this receptor during postinfluenza 

pneumococcall  pneumonia. Viral clearance was similar in wildtype and PAFR_/" mice and 

influenzaa virus was completely removed from the lungs at the time mice were inoculated with 

S.S. pneumoniae (day 14 after influenza infection). PAFR"" mice displayed a significantly 

reducedd bacterial outgrowth in their lungs, a diminished dissemination of the infection and a 

prolongedd survival. Pulmonary levels of IL-10 and KC were significantly lower in PAFR"" 

mice,, whereas IL-6 and TNF-a were only trendwise lower. These data indicate that the 

pneumococcuss uses the PAFR to accomplish severe pneumonia in a host previously exposed 

too influenza A. 
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Introductio n n 

Althoughh influenza A infection alone may lead to pneumonia, secondary bacterial infections 

duringg and shortly after recovery from influenza are much more common causes of 

pneumoniaa [1,2]. 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]. Primary 

infectionn with this pathogen is usually less severe than secondary infection [3]. Influenza is 

knownn to increase adherence of and subsequent colonization with bacterial respiratory 

pathogens.. Bacteria may adhere to the basal membrane after disruption of the airway 

epitheliall  layer by the cytopathic effect of the virus [4], but may also bind to specific 

receptorss in the airway epithelium expressed during influenza virus infection [5,6], Since the 

platelet-activatingg factor receptor [PAFR] has been described to be upregulated during viral 

infectionss [7] and since the PAFR is able to bind phosphorylcholine, a cell-wall component of 

S.S. pneumoniae [8-10], it has been suggested that the PAFR may play a critical role during 

secondaryy bacterial pneumonia [5]. 

Thee PAFR, a G-protein-coupled receptor, is mainly expressed on macrophages, monocytes, 

neutrophilss and epithelial cells [11-14]. Activation of epithelial cells leads to upregulation of 

thee PAFR at the cell-surface, which facilitates colonization and invasion of S. pneumoniae [8, 

14].. A recent study by McCullers et al. investigated the potential role of the PAFR in 

pneumococcall  pneumonia following influenza A infection [5]. These authors showed that 

PAFRR blockade during secondary pneumococcal pneumonia does not prevent lethal 

synergismm between influenza virus and Streptococcus pneumoniae [5]. Moreover, 

administrationn of the PAFR antagonist CV-6209 resulted in enhanced bacterial outgrowth, 

evenn in mice with primary pneumococcal pneumonia [5]. These findings contrast with earlier 

studiess reporting that administration of PAFR antagonists reduced pneumococcal outgrowth 

inn rabbits [8,15]. In line, our laboratory recently demonstrated that PAFR gene deficient 

(PAFR7)) mice display a diminished bacterial outgrowth and a reduced lethality after 

intranasall  infection with S. pneumoniae [16]. To obtain further insight in the role of the PAFR 

duringg secondary bacterial pneumonia, we inoculated PAFR"A mice and wildtype mice with S. 

pneumoniaepneumoniae on day 14 after influenza virus infection and studied host defense against primary 

influenzaa virus infection and secondary S. pneumoniae infection. 
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Material ss and methods 

Mice Mice 

PAFR"""  mice were generated as described [18], and backcrossed 7 times to a C57BL/6 

background.. Wildtype C57BL/6mice were obtained from Harlan Sprague Dawley. Pathogen-

freee 8 week-old female C57B1/6 mice and PAFR"" mice were maintained at biosafety-level 2 

duringg the experiments. All experiments were approved by the Institutional Animal Care and 

Usee Committee of the Academic Medical Center. 

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 [19]. 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). Primary influenza infection and secondary pneumococcal pneumonia were induced 

accordingg to previously described methods [20,21]. In brief, mice were anesthetized by 

inhalationn of isoflurane (Abbott Laboratories, Kent, UK) and intranasally inoculated with 10 

TCID500 influenza (1400 viral copies) or control inoculum in a final volume of 50 ul PBS. 

Pneumococcall  pneumonia was induced 14 days after inoculation with influenza or control 

suspension.. S. pneumoniae serotype 3 (ATCC 6303; Rockville, MD) was cultured for 16 

hourss 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). 
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DeterminationDetermination of viral outgrowth 

Virall  load was determined on day 8 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 [20-22]. Mice (8 per time-point) were anesthetized using 0.3 ml FFM (fentanyl 

citratee 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H2O; of this mixture 7.0 

ml/kgg intraperitoneally) and sacrificed by bleeding out the vena cava inferior. Lungs were 

harvestedd and homogenized at 4°C in 4 volumes of sterile saline using a tissue homogenizer 

(Biospecc Products, Bartlesville, OK). Hundred ul of lung homogenates were treated with 1 ml 

Trizoll  reagent to extract RNA. RNA was resuspended in 10 ul DEPC-treated water. cDNA 

synthesiss was performed using 1 ul of the RNA-suspension and a random hexamer cDNA 

synthesiss kit (Applera, Foster City, CA). 5 ul out of 25 ul cDNA-suspension was used for 

amplificationn in a quantitative real-time PCR reaction (ABI PRISM 7700 Sequence Detector 

System).. The viral load present in each sample was calculated using a standard curve of 

particle-countedd influenza virus (virus particles were counted by electron microscopy), 

includedd in every assay. The following primers were used: 5'-

GGACTGCAGCTGAGACGCT-3'' (forward); S'-CATCCTGTTGTATATGAGGCCCAT-a' 

(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. 

HistopathologicalHistopathological analysis 

Lungss for histological examination were harvested 48 hours after pneumocococcal infection, 

fixedd in 10% formalin and embedded in paraffin. Four um sections were stained with 

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

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 
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(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 

Lungg homogenates were lysed with an equal volume of lysisbuffer (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 680 g for 10 minutes. Supernatants were stored at -80°C until further use. 

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

immunosorbentt assay (ELISA) according to the manufacturer's protocol. Reagents for 

interleukinn (IL)-6, IL-10, cytokine-induced neutrophil chemoattractant (K.C) and tumor 

necrosiss factor (TNF)-a measurements were obtained from R&D systems (Abingdon, UK); 

interferonn (IFN)-y reagents were obtained from Pharmingen (San Diego, CA). 

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. 

Results s 

PrimaryPrimary influenza virus infection 

Virall  load in the lungs was measured on day 8 and day 14 after infection to determine the role 

off  the PAFR during primary influenza A infection. Viral load was similar in PAFR"" and 

wildtypee mice on day 8 after infection (Figure 1). 

Figuree 1: Viral load in the lungs on 
dayy 8 after influenza infection. Viral 
loadd is determined in total lung 
homogenatess of wildtype (filled bars) 
micee and PAFR"" mice (open bars) by 
real-timee PCR {5-8 mice per group) 
andd expressed as RNA copies per gram 
lungtissuee (mean  SE) as Both 
wildtypee mice and PAFR"" mice had 
clearedd the virus on day 14 after 
infectionn (data not shown). 

wildtype e PAFRR -/-
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Onn day 14 after infection, both wildtype and PAFR"" mice had cleared the virus completely. 

Thesee data indicate that PAFR deficiency does not hamper the clearance of influenza A in 

vivo. . 
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Figuree 2: Prolonged survival in 
PAFR-/-- mice after secondary bacterial 
pneumonia.. Survival after 
pneumococcall  infection in influenza-
recoveredd PAFR"'" mice (triangles) 
versusversus wildtype mice (squares). All 
micee (11 mice per group) received 104 

CFUU S. pneumoniae on day 14 after 
virall  infection and were monitored at 
leastt twice a day after pneumococcal 
infection. . 
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ProlongedProlonged survival during secondary pneumococcal infection in PAFR'' mice 

Too investigate the role of the PAFR during secondary bacterial pneumonia we inoculated 

micee with S. pneumoniae on day 14 after influenza infection. Lethality was monitored in 

PAFR"'""  and wildtype mice (11 mice per group) during secondary pneumococcal pneumonia 

att least twice daily (Figure 2). Influenza-recovered PAFR"" mice displayed a prolonged 

survivall  after pneumococcal infection (p = 0.015 vs wildtype mice). 
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Figuree 3: Reduced bacterial outgrowth in the lungs and blood of PAFR mice. 
Bacteriall  outgrowth in the lungs (left graph) and blood (right graph) after pneumococcal infection in wildtype 
micee (squares) and PAFR'" mice (triangles). All mice (7 mice per group) received 104 CFU S. pneumoniae on 
dayy 14 after viral infection and were sacrificed 48 hours later. Horizontal lines represent medians for each group. 
Notee that 3 PAFR"'" mice had no bacteria in their blood 48 hours after infection. 
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BacterialBacterial outgrowth 

Too obtain insight into the role of the PAFR in the outgrowth of pneumococci in lungs 

previouslyy exposed to influenza A and in the dissemination of bacteria, lungs and blood were 

culturedd 48 hours after infection with S. pneumoniae. The number of S. pneumoniae CFUs 

wass 3-fold lower in PAFR"'" than in wildtype mice (p = 0.05, Figure 3). Moreover, the PAFR 

playedd a role in the dissemination of S. pneumoniae into the circulation: only 57% of PAFR" 

micee had positive blood cultures versus 100% of wild type, and the number of S. pneumoniae 

CFUss in blood of PAFR-/- mice was lower than in wildtype mice (p = 0.05, Figure 3). 

TNF-a a 

wtkjtyp ee PAFR -I- wlldtyl »» PAFR -/-

Figuree 4: Cytokine levels in the lungs after secondary bacterial infection: TNF-a (A), IL-6 (B), IL-10 (C) and 
KCC (D) in wildtype (filled bars) and PAFR"'*  mice (open bars) at 48 hours after secondary bacterial pneumonia. 
Dataa are expressed in pg/g lung tissue (mean  SE, 7 mice per group). * p < 0.05 VJ wildtype mice 

PulmonaryPulmonary cytokine and chemokine concentrations 

Cytokiness and chemokines play an important role in host defense against bacterial pneumonia 

[23].. Therefore, to determine the effect of the PAFR on the induction of these mediators, the 

concentrationss of TNF-a, IL-6, IL-10 and KC were measured in lung homogenates (Figure 4). 

IL-100 and KC levels were significantly lower in PAFR7" mice than in wildtype mice (p < 

0.05).. Lung levels of TNF-a and IL-6 tended to be lower in PAFR"'" mice but the differences 

withh wildtype mice were not statistically significant (p = 0.16 and p = 0.09 respectively). 

Tablee 1: Leukocytes in BALF 48 hours after secondary bacterial pneumonia 

Cellss (xlO3) Wildtypee mice PAFR''""  mice 

Totall  cell count 

Neutrophilss (%) 

Macrophagess (%) 

Lymphocytess (%) 

1 1 

10466 5 (67.2%) 

3366 8 (31.5%) 

16.22 8 (1.3%) 

7822 5 

4588 4 (52.5%) 

3211 4 (46.8%) 

2.99 5 (0.7%) 

Leukocytee counts (6 mice per group) are expressed as absolute numbers (x 103) and percentage of total cell 
count.. AH data are mean  SE. No statistically significant differences were found between wildtype and PAFR"'" 
micee 48 hours after secondary pneumococcal pneumonia. 
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CellCell influx in BALF 

Neutrophilss play a pivotal role in host defense against bacterial pneumonia [23]. Since 

inhibitionn of PAFR function has been shown to reduce leukocyte influx into the lungs in 

responsee to intrapulmonary delivery of killed pneumoccocci [15], we assessed the number of 

leukocytess recruited to the alveoli. Although total cell counts tended to be lower in BALF 

obtainedd from PAFR"'" mice than in BALF from wildtype mice, this difference was not 

statisticallyy significant. The relative number of neutrophils was trendwise lower in PAFR"'" 

micee (p = 0.09 vs wildtype mice, Table 1), whereas the relative number of macrophages was 

trendwisee higher in PAFR"'" mice (p = 0.09 vs wildtype mice, Table 1). 

Figuree 5: Histopathological analysis. Inflammatory response upon pneumococcal infection in wildtype mice (A) 
andd PAFR"'" mice (B) after recovery from influenza virus. Mice received 104 CFU S. pneumoniae on day 14 after 
virall  infection and were sacrificed 48 hours later. Lung slides were stained by hematoxylin and eosin (original 
magnificationn 33x). Representative slides of 6 mice per group are shown. 

Histopathology Histopathology 

Forty-eightt hours after pneumococcal infection, lungs were harvested to prepare H/E stained 

lung-slidess for histopathological examination. Mice recovered from influenza infection with 

secondaryy pneumococcal pneumonia showed severe interstitial inflammation, bronchiolitis, 

endothelialitiss and pleuritis in the lungs. No significant differences were observed between 

wild-typee mice and PAFR" "mice (Figure 5). 

Discussion n 

Secondaryy pneumococcal pneumonia is a serious complication of influenza A infection. The 

increasedd susceptibility to secondary bacterial infections during and shortly after influenza is, 
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att least in part, due to enhanced colonization and interaction of the respiratory epithelium with 

S.S. pneumoniae [1-3]. Since the PAFR has been described to be upregulated during viral 

infectionss [7] and since the PAFR facilitates invasion of the pneumococcus through epithelial 

cellss through binding of phosphorylcholine in the cell-wall of S. pneumoniae [8], it has been 

suggestedd that the PAFR may play a critical role during postinfluenza pneumococcal 

pneumoniaa [5]. In the present study we show that targeted deletion of the PAFR improves 

hostt defense against S. pneumoniae in a mouse-model for secondary bacterial pneumonia, as 

reflectedd by prolonged survival and reduced bacterial loads in the lungs and the circulation. 

Ourr data are contradictory to a previous study by McCullers et al. [5], who showed that 

influenza-infectedd mice treated with CV-6209, a PAFR-antagonist, displayed enhanced 

outgrowthh of pneumococci (72 hours after infection). Although several differences between 

ourr investigation and that of McCullers et al [5] can be pointed out, including differences in 

thee S. pneumoniae strains used (ATCC 6303, serotype 3 versus D39, serotype 2, respectively) 

andd differences in the interval between influenza and secondary pneumococcal infection (14 

versuss 7 days respectively), the data reported by McCullers et al. are difficult to explain in the 

contextt of current knowledge on the role of the PAFR in pneumococcal infection. Indeed, 

thesee authors observed a reduced rather than an increased host defense after administration of 

aa PAFR antagonist during primary pneumococcal pneumonia [5], which contrasts with at 

leastt three earlier investigations addressing thiss topic [8, 15,16]. Our own laboratory found 

thatt PAFR_/" mice display enhanced survival and reduced bacterial outgrowth after primary 

pneumococcall  pneumonia [16]. Similarly, intratracheal PAFR antagonist treatment during 

pneumococcall  infection in rabbits resulted in reduced bacterial loads in the lung [8]. 

Conceivably,, the specific properties of the PAFR antagonist used by McCullers et al [5] may 

havee played a role. Hence, our current data seem to indicate that the pneumococcus uses the 

PAFRR to invade the respiratory epithelium of the host previously exposed to influenza A. As 

such,, the involvement of the PAFR in the pathogenesis of primary and postinfluenza 

pneumococcall  pneumonia seems quite similar [16]. 

Inn our study an interval of 14 days between viral and bacterial infection was chosen to 

excludee a direct interaction between influenza virus and S. pneumoniae. Previous studies by 

ourr group have indicated that influenza virus is completely cleared from the lungs of wildtype 

micee on day 14 after infection [21], which was confirmed here. The present study establishes 

thatt clearance of influenza A is not altered in PAFR~/_ mice: viral loads were similar in PAFR" 
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""  and wildtype mice 8 days after infection and both strains had cleared the virus completely 

onn day 14, the day on which pneumococcal pneumonia was induced. These findings not only 

revealedd that the PAFR does not contribute to host defense against influenza A to a significant 

extent,, but also allowed us to use PAFR"7" mice to study the role of the PAFR during 

postinfluenzaa pneumococcal pneumonia. 

Thee improved outcome observed in PAFR"7" mice could also be explained by the release of 

protectivee mediators after pneumococcal infection. Pulmonary levels of KC were significantly 

lowerr in PAFR"7" mice than in wildtype mice in both mouse-strains after secondary bacterial 

challenge,, whereas TNF-a and IL-6 levels were only trendwise lower. These reduced KC 

levelss may at least in part account for the reduced neutrophil numbers in BALF [24, 25]. 

Alternatively,, and not mutually exclusive, the tendency toward a reduced inflammatory 

responsee in lungs of PAFR"7" mice, which was also observed after primary pneumococcal 

pneumoniaa [16], could be the consequence of a lower bacterial load (providing a less potent 

proinflammatoryy stimulus) in the lungs [26]. 

Wee have previously shown that mice recovered from influenza produce high amounts of 

cytokiness and excessive lung inflammation after induction of secondary pneumococcal 

pneumoniaa when compared with mice suffering from primary bacterial infection [21]. 

Sincee PAFR activation results in a pro-inflammatory stimulus, one could argue that the 

enhancedd inflammatory reaction is partially due to PAFR expression in mice exposed to 

influenza.. Indeed, the PAFR appears to be particularly important for the induction of 

pulmonaryy inflammation. Pretreatment with PAFR antagonists strongly diminished 

pulmonaryy vascular leakage and edema after systemic or intrapulmonary injection of 

lipopolysaccharidee [27-29]. Studies by Nagase et al revealed a critical role for the PAFR 

duringg acid aspiration in mice [30]. Our current data argue against an important role for the 

PAFRR in the exaggerated lung inflammation in mice with postinfluenza pneumonia, 

consideringg that PAFR*" mice only showed a tendency toward a reduced inflammatory 

responsee as reflected by trendwise reduced neutrophils in their lungs. Besides, pulmonary 

levelss of the anti-inflammatory cytokine IL-10 were modestly reduced as well. Of note, in 

theoryy the proinflammatory properties of PAF would make this phospholipid mediator a 

potentiall  protective mediator during pneumonia [15]. Indeed, PAFR"7*  mice displayed 

enhancedd bacterial outgrowth in a mouse-model for Klebsiella pneumoniae, a bacterium that 
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doess not express phosphorylcholine [31]. This study supports the importance of 

phosphorylcholinee binding by the PAFR during primary and secondary pneumococcal 

pneumonia. . 

5".. pneumoniae is the main causative pathogen in postinfluenza pneumonia. In vitro studies 

havee established that this bacterium can invade tissues by an interaction between 

phosphorylcholinee present in its cell wall and the PAFR expressed by epithelial cells. We here 

demonstratee that the pneumococcus uses the PAFR to accomplish severe pneumonia in mice 

previouslyy exposed to influenza. The fact that lethality also occurred in PAFR~/_ mice 

indicatess that the PAFR is not mandatory for tissue invasion, but rather that this receptor 

increasedd the potential virulence of S. pneumoniae in the respiratory tract. As such, the role of 

thee PAFR in primary [16] and secondary (this study) pneumococcal pneumonia does not seem 

too differ significantly. 
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Summary y 

Virall  infections of the upper respiratory tract usually induce common-cold symptoms, such as 

dryy cough, soar throat and sneezing. Although primary infection with respiratory viruses may 

leadd to pneumonia, complicating bacterial infections are a much more common cause of 

pneumonia.. These bacterial complications are associated with excessive bacterial outgrowth, 

exaggeratedd inflammatory responses and premature death. Bacterial complications during or 

shortlyy after viral airway infections account for 40.000 death cases each year worldwide. 

Knowledgee about the underlying mechanism of enhanced responses to secondary bacterial 

infectionss is limited, but essential to intervene adequetely. The studies described in this thesis 

focusedd on innate immune responses to primary viral airway infections and secondary 

bacteriall  complications. 

Thee inflammatory response to pathogens is initiated by recognition of pathogen-associated 

molecularr patterns (PAMPs). Recognition of these PAMPs by Toll-like receptors (TLRs) 

leadss to the production of pro-inflammatory cytokines and chemokines. Several ligands have 

beenn identified for TLR4, including the fusion protein of respiratory syncytial virus (RSV). 

Thee role of TLR4 during infection with Sendai virus, which expresses a similar fusion 

protein,, was studied in chapter  2. TLR4 mutant mice responded in a similar fashion as 

wildtypee mice as reflected by cytokine production, cellular influx and viral load. Hence, host 

defensee against Sendai virus does not require TLR4, and is possibly mediated by other TLRs. 

Thee activation of TLR4 by viruses may be restricted to RSV. 

Productionn of cytokines and chemokines coordinate the innate and adaptive immune system 

inn order to eliminate the virus. Interleukin (IL)-12 is a heterodimeric cytokine and has been 

shownn to induce macrophage and neutrophil activation as well as proliferation and 

differentiationn of T cells towards T helper 1 phenotype. Studies into the role of IL-12 during 

influenzaa virus infection in mice are described in chapter  3. Deletion of the IL-12 p35 gene 

inn mice resulted in enhanced viral clearance after influenza infection, despite the fact that 

bioactivee IL-12 could not be detected during influenza infection. Our data indicate that low 

constitutivee expression of IL-12 inhibits rather than accelerates viral clearance in vivo. IL-12 

seemss to play a limited role in host defense against influenza virus infection. Although IL-12 

andd IL-18 are not structurally related, their biological properties are quite similar. In contrast 

too IL-12, IL-18 was upregulated in the lungs during influenza virus infection in mice. 

Chapterr  4 shows that the increased IL-18-levels largely depends on proteolytic cleavage of 
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inactivee pro-IL-18. IL-18 deficiency resulted in enhanced viral clearance, which correlated 

withh enhanced CD4+ T cell activation as reflected by increased CD69 expression. TNF-a 

releasee by CD4+ T cells was significantly reduced, whereas IFN-y production was similar in 

wildtypee mice and IL-18-deficient mice. In contrast, IL-12 deficient mice showed reduced 

IFN-yy levels after influenza virus infection. Moreover, T cell responses were not affected by a 

lackk of IL-12. Taken together, both IL-12 and IL-18 inhibit viral clearance during influenza 

pneumonia.. However, the underlying mechanism seem to differ for these two cytokines. 

AA mouse-model for secondary bacterial pneumonia shortly after recovery from influenza 

infectionn is descibed in chapter  5. Mice were intranasally inoculated with influenza virus and 

afterr full recovery, i.e. normalized bodyweight and complete viral clearance, infected with 

StreptococcusStreptococcus pneumoniae. The interval of 14 days was chosen to exclude direct interaction 

betweenn bacteria and influenza. Mice recovered from influenza infection were highly 

susceptiblee to secondary pneumococcal pneumonia as reflected by a 10,000-fold increased 

bacteriall  outgrowth and 5 to 20-fold increased levels of pro-inflammatory cytokines and 

chemokines.. Besides the excessive production of pro-inflammatory mediators, the expression 

off  IL-10, an anti-inflammatory cytokine was also increased after pneumococcal infection in 

micee recovered from influenza infection. The role of IL-10 was further analysed by treating 

thesee mice with neutralizing antibodies directed against IL-10. Blockade of IL-10 resulted in 

reducedd bacterial loads and diminished TNF-a production. Moreover, anti-IL-10 treatment 

improvedd survival after secondary bacterial pneumonia. These data indicate that excessive IL-

100 production impairs host defense against secondary pneumococcal infection. 

Previouss studies indicated that upregulation of of indoleamine-2,3-dioxygenase (IDO) 

resultedd in exaggerated IL-6 and IL-8 responses to LPS and TNF-a in human airway 

epithelial-likee cells. Since influenza virus infection in mice induced IDO expression in the 

lungss on day 14 post-infection, it was hypothesized that increased biosynthesis of IDO 

enhancedd the production of pro-inflammatory mediators during secondary bacterial 

pneumonia.. As described in chapter  6, administration of methyltryptophan (MeTrp), an IDO-

inhibitor,, resulted in reduced bacterial loads after secondary pneumococcal infection. TNF-a 

andd IL-10 levels in the lungs were significantly reduced after MeTrp-treatment, whereas IL-6 

andd KC levels were not affected. Although MeTrp treatment resulted in reduced bacterial 

loadss and lower TNF-a levels in the lungs, inhibition of IDO did not prevent lethality during 

post-influenzaa pneumonia. 
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Previouss in vitro studies indicated that the production of pro-inflammatory mediators by 

virus-infectedd epithelial cells is enhanced in response to secondary stimuli such as TNF-a and 

lipopolysaccharidee (LPS). The inflammatory response to LPS early after viral infection was 

studiedd in chapter  7. Intranasal LPS challenge on day 3 after Sendai virus infection resulted 

inn enhanced IL-6 production in the lungs and increased neutrophil numbers, whereas 

productionn of IP-10, KC and TNF-a was not further enhanced. These data point towards 

specificallyy enhanced inflammatory response shortly after viral airway infection in mice. 

Thee studies described in chapter 5, 6 and 7 indicate that viral airway infection leads to an 

alteredd inflammatory response to bacteria or bacterial cell-wall components. The mouse-

modelss used in these studies exclude direct interaction between virus and bacteria. Chapter  8 

focusedd on the interaction between influenza virus and non-typable Haemophilus influenzae 

(NTHI).. Binding experiments revealed that influenza virus binds to NTHI. Further analysis 

indicatedd that the interaction between influenza and NTHI reduced viral outgrowth after 

combinedd viral/bacterial infection in vitro and in vivo. 

Thee classical way to explain the increased susceptibility to bacterial infections during and 

shortlyy after recovery from viral airway infection is by increased adherence to the airway 

mucosaa leading to enhanced colonization by bacteria. Invasion of S. pneumoniae is mediated 

byy phosphocholine-binding to the platelet-activating factor receptor (PAFR). The role of the 

PAFRR during secondary bacterial pneumonia was studied in chapter  9. Secondary 

pneumococcall  infection in PAFR-deficient mice resulted in reduced bacterial outgrowth in 

thee lungs as well as decreased bacterial loads in the blood. Moreover, prolonged survival was 

observedd for PAFR-deficient mice after secondary bacterial pneumonia. However, previous 

studiess indicate that PAFR-deficient mice also show decreased bacterial loads and increased 

survivall  rates after primary pneumococcal pneumonia. Therefore, the contribution of the 

PAFRR to the increased susceptibility to secondary infections is limited. 

Discussion n 

Mostt of the data presented in this thesis were obtained from mouse studies. Viral airway 

infectionss with influenza and Sendai virus in mice are well established models to study innate 

ass well as adaptive immune responses to these viruses. The role of specific receptors and 

solublee mediators can be studied by using mice with a targeted deletion of specific genes. 

Thiss approach was used to study the role of IL-12 and IL-18 during influenza virus infection. 
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Thee role of TLR4 was studied using mice lacking a functional receptor due to a point-

mutationn in the tlr4 gene. Despite the advantage of studying the role of specific proteins 

duringg viral infection in vivo by (functional) deletion of the gene, the use of mouse-models 

hass its limitations as well. The host response to viruses may involve compensatory 

mechanismss masking the effect of deleted genes. The anatomical and histological differences 

betweenn mice and humans may interfere with the course of infection as well. Indeed, 

influenzaa infection in mice leads to pneumonia, while influenza virus causes inflammation of 

thee upper airways in humans. The immune response is also affected by the host-specificity of 

viruses.. In our models we used either a mouse-adapted human influenza strain or Sendai 

virus,, a murine homologue of human parainfluenza type 1. Although these viruses cause only 

mildd inflammation in humans, mouse-models are still useful to study the host response to 

negative-strandedd RNA viruses. After all, the receptors, soluble mediators and mechanisms 

involvedd in innate and adaptive immunity show considerable homology and analogy between 

micee and humans. 

Thesee mouse-models revealed an inhibitory role for IL-12 or IL-18 in viral clearance during 

influenzaa infection. However, the underlying mechanism leading to reduced viral clearance 

appearss to be different for both cytokines. The reduced viral loads in IL-18-gene deficient 

micee correlated with enhanced T cell activation as reflected by CD69 expression, whereas 

CD699 expression on T cells remained unchanged in IL-12 p35 gene deficient mice. Although 

IL-188 was originally identified as interferon gamma-inducing factor (IGIF), the production of 

IFN-yy after influenza virus infection appeared to be independent of IL-18. Howerver, IFN-y 

levelss were significantly lower in IL-12 p35 knockout mice, indicating that IL-12 enhances 

IFN-yy production during airway infection with influenza virus. Our data point towards an 

inhibitoryy role for both cytokines in host response to influenza virus. Further research is 

requiredd to elucidate the function of reduced viral clearance by IL-12 and IL-18. 

Inn order to study secondary bacterial complications, we extended the primary influenza 

infectionn model by intranasal inoculation of Streptococcus pneumoniae. The mouse-model for 

secondaryy bacterial pneumonia was designed to study the impaired host defense against 

bacteriaa shortly after recovery from influenza infection. The time-interval of 14 days is in line 

withh the occurence of secondary bacterial pneumonia in humans, i.e. 4-10 days after recovery 

fromfrom influenza infection. The advantage of this model is complete eradication of the virus 

whenn the mice were inoculated with S. pneumoniae, thus excluding direct interactions 
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betweenn influenza and bacteria. Secondary infection resulted in enhanced bacterial outgrowth 

andd increased production of pro- and anti-inflammatory cytokines. The enhanced production 

off  these mediators correlated with reduced neutrophil function, indicating that the anti-

inflammatoryy cytokine IL-10 may play a critical role during secondary bacterial pneumonia. 

Indeed,, neutralization of IL-10 improved the outcome of secondary pneumococcal infection. 

IL-100 is therefore an important target in the early treatment of post-influenza pneumococcal 

pneumonia.. The clinical use of neutralizing antibodies against IL-10 is likely hampered by the 

expensess of this treatment. Alternative ways to reduce IL-10 levels are probably more 

importantt targets to treat secondary bacterial infections. In this thesis we show that IL-10 

productionn is at least in part mediated by IDO. Inhibition of 1DO resulted in reduced bacterial 

loads,, pulmonary TNF-ct levels and neutrophil numbers. However, inhibition of IDO did not 

preventt lethality in mice with post-influenza pneumonia. Likely, IDO regulates the expression 

off  other mediators as well. These data indicate that the efficacy of IDO inhibitors in the 

treatmentt of secondary bacterial infections is poor. Still, temporary inhibition of IDO or 

inhibitionn of IDO in combination with other treatments may be useful. The proinflammatory 

mediatorss IL-6 and KC were not affected by inhibition of IDO. In contrast, Sendai virus 

infectionn potentiated IL-6 production after LPS challenge, whereas production of IP-10, KC 

andd TNF-ct were not affected. KC and TNF-ct levels were only modestly increased after viral 

infection,, whereas IP-10 was strongly induced by Sendai. Although IP-10 was induced after 

LPSS challenge in control mice, LPS challenge did not further increase IP-10 levels in the 

lung.. IP-10 has been described to be induced by IRF-3. Activation of IRF-3 requires the 

adapterr molecule TRIF, which associates with either TLR3 and TLR4. Since TLR4 is not 

involvedd in host defense against Sendai virus (chapter 2), it could be suggested that TLR3 

playss an important role in recognition of Sendai virus. Indeed, TLR3 has been implicated in 

thee recognition of double-stranded RNA, which is produced by negative-stranded RNA 

virusess during replication. Whether IDO mediates the exaggerated IL-6 response after LPS 

challengee in Sendai-infected mice is not yet determined. Nevertheless, our data indicate that 

cross-talkk between several pathways exists, leading to enhanced production of IL-6 after LPS 

stimulationn in Sendai virus infected mice. 

Bothh LPS and S. pneumoniae induce an exaggerated inflammatory response during or shortly 

afterr recovery from viral airway infection. These inflammatory responses contribute to the 

severityy of secondary bacterial infections. Both models exclude direct interaction between the 

twoo pathogens involved in secondary pneumococcal pneumonia. Interaction between viruses 

158 8 



Summaryy and Discussion 

andd bacteria may influence the course of infection. In this thesis we show that NTHI binds 

influenzaa virus. This interaction diminished viral outgrowth in airway epithelial cells. The 

reductionn in viral load was even more pronounced in a mouse-model for combined 

viral/bacteriall  infection. These data point towards a protective role for NTHI during influenza 

viruss infection. From our data it is not clear whether NTHI prevents viral entry or replication 

inn airway epithelial cells. Phagocytosis of NTHI may play an important role as well. Indeed, 

NTHII  is cleared from the lungs within 24 hours after NTHI or combined infection. Since 

NTHII  is a commensal in the upper airways, it could be suggested that NTHI, and probably 

alsoo other inhabitants of the nasopharynx, serve as a scavenger for viral pathogens. Despite 

thiss protective effect, influenza virus infection in the lower respiratory tract may induce 

colonizationn of NTHI leading to combined viral/bacterial pneumonia. Enhanced colonization 

off  bacteria is the classical dogma to explain secondary bacterial pneumonia. Destruction of 

thee airway epithelium leads to increased adherence of bacteria to the airway submucosa. 

Alternatively,, increased colonization may occur due to upregulation of specific receptors. The 

platelet-activatingg factor receptor (PAFR) has been suggested to play a role in the increased 

colonizationn of S. pneumoniae. Indeed, PAFR gene deficient mice showed reduced bacterial 

loadss and prolonged survival after secondary pneumococcal pneumonia. However, these 

differencess were also observed for primary pneumococcal pneumonia. In conclusion, 

expressionn of the PAFR does not contribute to the enhanced susceptibility to secondary 

bacteriall  pneumonia. Previous studies with PAFR antagonists did not improve the outcome of 

post-influenzaa pneumococcal pneumonia. Although PAFR expression does not contribute to 

thee enhanced susceptibility to secondary bacterial pneumonia, the PAFR might be a useful 

targett to treat either primary or secondary pneumococcal pneumoniae. 

Overall,, the increased susceptibility to secondary bacterial pneumonia during viral airway 

infectionn depends on several factors, including increased adherence to the airway 

(sub)mucosa,, increased virulence of both pathogens and enhanced pro- and anti-inflammatory 

responses.. All these aspects should be taken into account in order to develop strategies to 

preventt or treat secondary bacterial complications during or shortly after viral airway 

infection.. Further research is required to identify the key mediators or key mechanisms 

involvedd in secondaryy bacterial pneumonia. 
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Viralee luchtweg infecties resulteren normaliter in typische verkoudheidsklachten, zoals droge 

hoest,, keelpijn en een verstopte neus. Longontsteking kan veroorzaakt worden door een 

primairee virale infectie in de luchtwegen; meestal is longontsteking echter het gevolg van 

secundairee bacteriële complicaties tijdens of kort na herstel van een virale infectie. Deze 

complicatiess worden geassocieerd met overmatige uitgroei van bacteriën en een sterke 

ontstekingsreactie.. Wereldwijd sterven jaarlijks 40.000 mensen aan de gevolgen van een 

bacteriëlee infectie tijdens of kort na herstel van influenza virus (griep). Het onderliggende 

mechanismee dat aanleiding geeft tot een verhoogde gevoeligheid voor secundaire bacteriële 

complicatiess is onvoldoende om adequaat in te grijpen. In dit proefschrift zijn studies naar de 

afweerr tegen primaire virale infecties en secundaire bacteriële complicaties beschreven. 

Dee afweer tegen pathogenen (ziekteverwekkers) wordt geïnitieerd door de herkenning van 

bepaaldee pathogeen-geassocieerde moleculaire patronen (PAMPs). Herkenning van deze 

PAMPss door Toll-like receptoren (TLRs) leidt tot de productie van pro-inflammatoire 

mediatorenn (cytokines en chemokines). Diverse PAMPs zijn inmiddels geïdentificeerd voor 

TLR4,, waaronder het fusie-eiwit van respiratoir syncytieel virus (RSV). De rol van TLR4 in 

dee afweer tegen Sendai virus (muizen parainfluenza virus type 1), dat een vergelijkbaar fusie-

eiwitt produceert, is bestudeerd in hoofdstuk 2. Muizen met een niet-functionele TLR4 

haddenn vergelijkbare cytokine productie, cel-influx en virale titer in de longen. Derhalve kan 

geconcludeerdd worden dat TLR4 geen rol speelt bij de afweer tegen Sendai virus. Wellicht 

speeltt een andere TLR een rol bij de herkenning van Sendai virus en is de herkenning van 

virussenn door TLR4 beperkt tot RSV. 

Dee productie van cytokines en chemokines coördineren de aangeboren en verworven immuun 

responss tijdens virale infecties. Interleukine(IL)-12 is een heterodimeer cytokine dat een rol 

speeltt bij macrofaag en neutrofiel activatie alsmede de proliferatie en differentiatie van T 

cellenn naar T helper 1 cellen. De rol van IL-12 in de afweer tegen influenza virus is 

bestudeerdd in hoofdstuk 3 met behulp van muizen met een IL-12 p35 (vormt samen met IL-

122 p40 functioneel IL-12) deficiëntie. IL-12 deficiëntie resulteerde in een versnelde klaring 

vann het influenza virus, terwijl IL-12 niet in detecteerbare hoeveelheden wordt aangemaakt 

tijdenss influenza infectie in wildtype muizen. Onze resultaten wijzen op een (beperkt) 

remmendd effect van IL-12 op de klaring van influenza virus in muizen. De biologische 

activiteitenn van IL-12 en IL-18 zijn, ondanks dat ze structureel niet gerelateerd zijn aan 
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elkaar,, vergelijkbaar. In tegenstelling tot IL-12, wordt IL-18 wel geïnduceerd tijdens 

influenzaa infectie in muizen. Hoofstuk 4 laat zien dat IL-18 productie afhankelijk is van 

proteolytischee omzetting van pro-IL-18. IL-18 deficiëntie in muizen resulteerde in versnelde 

klaringg van het influenza virus. De versnelde klaring correleerde met een verhoogde activatie 

vann CD4+ T cellen (CD69 expressie). Tevens was de TNF-a productie door CD4+ T cellen 

gereduceerd.. IFN-y productie bleef onveranderd in IL-18 deficiënte muizen, terwijl de IFN-y 

productiee in IL-12 deficiënte muizen gereduceerd was tijdens influenza infectie. Uit deze 

resultatenn blijkt dat IL-12 en IL-18 beiden de klaring van influenza negatief beïnvloeden. Het 

onderliggendee mechanisme dat leidt tot een remmend effect is voor IL-12 en IL-18 

verschillend. . 

Inn hoofdstuk 5 is een muis-model voor secundaire bacteriële infecties na herstel van 

influenzaa virus infectie beschreven. Na volledig herstel, c.q. volledige klaring van het virus en 

normaall  lichaamsgewicht, werden muizen intranasaal geïnfecteerd met Streptococcus 

pneumoniae.pneumoniae. Met een interval van 14 dagen tussen virale en bacteriële infectie kan interactie 

tussenn beide pathogenen uitgesloten worden. Van influenza-herstelde muizen bleken 

overgevoeligg voor secundaire bacteriële infecties te zijn. Deze overgevoeligheid wordt 

geïllustreerdd door een 10.000-voudige toename in bacteriële uitgroei en een 5- tot 20-voudige 

toenamee van pro-inflammatoire cytokines en chemokines 48 uur na infectie met S. 

pneumoniae.pneumoniae. Daarnaast werd een 50-voudige toename van IL-10, een anti-inflammatoir 

cytokine,, waargenomen. De rol van IL-10 is nader bestudeerd door vlak voor infectie met S. 

pneumoniaepneumoniae een neutraliserend antilichaam tegen IL-10 toe te dienen. Neutralisatie van IL-10 

resulteerdee in verlaagde bacteriële uitgroei en TNF-a productie. Bovendien werd een 

verhoogdee overleving waargenomen in anti-IL-10 behandelde muizen. Deze data laten zien 

datt een verhoogde IL-10 productie aanleiding geeft voor een verhoogde gevoeligheid voor 

secundairee bacteriële infecties kort na herstel van influenza. 

Voorgaandee studies hebben aangetoond dat een verhoogde expressie van indoleamine-2,3-

dioxygenasee (IDO) aanleiding geeft tot een verhoogde productie van IL-6 en IL-8 na 

stimulatiee van luchtwegepitheel cellen. Omdat IDO tijdens influenza infectie in de longen tot 

expressiee komt, werd verondersteld dat dit enzym een bijdrage levert aan de verhoogde 

gevoeligheidd voor secundaire bacteriële complicaties tijdens en kort na influenza infectie. De 

studiee beschreven in hoofdstuk 6 laat zien dat toediening van methyltryptofaan (MeTrp), een 

remmerr van IDO, resulteerde in een verlaagde bacteriële uitgroei tijdens secundaire bacteriële 
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pneumonie.. TNF-a en IL-10 productie waren gereduceerd in MeTrp-behandelde muizen, 

terwijll  IL-6 en KC productie onveranderd bleven. MeTrp had geen gunstig effect op lethaliteit 

alss gevolg van secundaire bacteriële complicaties. 

Uitt in vitro (celkweek) studies is gebleken dat virus-geïnfecteerde luchtwegepitheel cellen een 

verhoogdee productie van pro-inflammatoire mediatoren hebben na stimulatie met TNF-a of 

lipopolysaccharidee (LPS). De ontstekings reactie na toediening van LPS aan Sendai-

geïnfecteerdee muizen staat beschreven in hoofdstuk 7. LPS toediening op dag 3 na virale 

infectiee resulteerde in verhoogde IL-6 productie, terwijl de productie van IP-10, KC en TNF-

ctt onveranderd bleef. Tevens werd een verhoogde neutrofiel influx waargenomen in Sendai-

geïnfecteerdee muizen. Deze data impliceren dat een onderliggende virale infectie specifiek de 

productiee van bepaalde mediatoren beïnvloedt. 

Dee studies beschreven in hoofdstuk 5, 6 en 7 laten zien dat een virale infectie aanleiding geeft 

tott een sterkere ontstekings respons bij een bacteriële infectie. De muis-modellen die gebruikt 

zijnn bij deze studies sluiten een directe interactie tussen bacteriën en virussen uit. De interactie 

tussenn influenza virus en non-typable Haemophilus influenzae is beschreven in hoofdstuk 8. 

Uitt in vitro en in vivo experimenten bleek dat deze interactie de uitgroei van influenza virus 

remtt tijdens een gecombineerde bacteriële/virale infectie. 

Dee klassieke manier om de verhoogde gevoeligheid tijdens en kort na virale infectie te 

verklarenn is een verhoogde binding van bacteriën aan het luchtweg epitheel. De platelet-

activatingg factor receptor (PAFR) speelt een belangrijke rol bij de binding en de verspreiding 

vann S. pneumoniae. De rol van de PAFR tijdens secundaire bacteriële infectie is bestudeerd in 

hoofdstukk 9. Een secundaire infectie met pneumokokken in PAFR-defïciënte muizen 

resulteerdee in een verlaagde bacteriële uitgroei in zowel de longen als bloed. Bovendien bleek 

datt lethaliteit later optrad in PAFR-deficiënte muizen dan in wildtype muizen. Echter, eerdere 

studiess hebben aangetoond dat PAFR-defïciënte muizen eveneens deels beschermd zijn tegen 

primairee bacteriële infectie. De bijdrage van de PAFR aan de verhoogde gevoeligheid voor 

bacteriëlee complicaties tijdens en kort na virale infectie is derhalve beperkt. 

Discussie e 

Dee resultaten van de studies beschreven in dit proefschrift zijn voornamelijk verkregen met 

behulpp van muis-modellen. Infecties met influenza en Sendai virus in muizen zijn veel 
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gebruiktee modellen om de aangeboren en verworven immuniteit te bestuderen. De rol van 

specifiekee receptoren en kleine oplosbare mediatoren kunnen bestudeerd worden aan de hand 

vann muizen met een specifieke deletie van bepaalde genen. Deze strategie is gebruikt om de 

roll  van IL-12 en IL-18 tijdens influenza infectie te onderzoeken. De rol van TLR4 was 

bestudeerdd in muizen zonder een functionele receptor als gevolgg van een punt-muatie in het 

/W-gen.. Ondanks het feit dat de rol van bepaalde eiwitten tijdens virale luchtweg infectie (in 

vivo)vivo) onderzocht kan worden, heeft het gebruik van muis-modellen zijn beperkingen. De 

responss van de gastheer op virale infecties kan, ter compensatie, alternatieve mechanismen 

gebruikenn en derhalve het effect van een specifieke deletie maskeren. De anatomische en 

histologischee verschillen tussen muizen en mensen kunnen interfereren met het verloop van 

dee infectie. Zo leidt een influenza infectie tot longontsteking, terwijl influenza virus bij 

mensenn normaal gesproken alleen ontsteking van de bovenste luchtwegen induceert. 

Bovendienn is de immuunrespons afhankelijk van de gastheer-specificiteit van virusssen. In de 

modellenn die wij gebruikt hebben zijn de muizen geïnfecteerd met een muis-geadapteerde 

stamm van influenza of Sendai virus, een muizenvirus dat gerelateerd is aan humaan 

parainfluenzaa type 1. Hoewel deze stammen in mensen leiden tot een milde ontsteking, zijn 

dezee muis-modellen goed te gebruiken om de afweer tegen RNA virussen te bestuderen. Er is 

tenslottee sprake van een aanzienlijke homologie en analogie tussen muizen en mensen als het 

gaatt om de receptoren en andere mediatoren die een rol spelen bij de afweer tegen 

pathogenen. . 

Dee muis-modellen voor primaire influenza infectie duidden op een remmend effect van IL-12 

enn IL-18 op virale klaring. De onderliggende mechanismen bleken echter voor beide 

cytokiness verschillend te zijn. De lagere virale titers in IL-18-deficiènte muizen correleerden 

mett een verhoogde T cel activatie (verhoogde CD69 expressie op CD4+ T cellen), terwijl de 

activatiee van T cellen in IL-12 p35 deficiënte muizen onveranderd bleek. IFN-y productie 

tijdenss influenza infectie bleek onafhankelijk te zijn van IL-18. Daarentegen was de IFN-y 

productiee significant lager in IL-12 p35 deficiënte muizen. Vervolg-onderzoek moet uitwijzen 

watt de functie is van het remmende effect van IL-12 en IL-18 op de virale klaring tijdens 

influenzaa infectie. 

Omm secundaire bacteriële infecties te bestuderen hebben wij het primaire influenza-model 

uitgebreidd met intranasale infectie met S. pneumoniae. Het model voor secundaire bacteriële 

complicatiess is ontworpen om de verhoogde gevoeligheid kort na herstel van influenza te 

bestuderen.. Bij mensen treedt een secundaire bacteriële infectie meestal 4-10 dagen na herstel 
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vann influenza infectie op. Dehalve komt het interval van 14 dagen overeen met 

epidemiologischee bevindingen omtrent dit soort complicaties. Volledige klaring van het virus 

opp dag 14 na infectie sluit een interactie tussen bacteriën en virussen uit. Secundaire infectie 

resulteerdee in verhoogde bacteriële uitgroei en verhoogde productie van pro- en anti-

inflammatoiree cytokines. De verhoogde productie van deze cytokines correleerde met een 

gereduceerdee neutrofiel functie. Van IL-10, een anti-inflammatoir cytokine, is bekend dat het 

dee functie van neutrofielen kan remmen. Mede daardoor werd verondersteld dat IL-10 een 

belangrijkee rol vervult in de verhoogde gevoeligheid voor bacteriële complicaties. 

Neutralisatiee van IL-10 bleek inderdaad een gunstig effect te hebben op het verloop van een 

secundairee bacteriële infectie. IL-10 is daarmee een belangrijk aangrijpingspunt voor de 

behandelingg van secundaire bacteriële pneumonie. De klinische toepassing van anti-IL-10 

wordtt waarschijnlijk geremd door de hoge productie-kosten van dit middel. Alternatieve 

manierenn om IL-10 te remmen zijn daarom wellicht belangrijkere aangrijpingspunten dan 

neutralisatiee van IL-10 met behulp van antilichamen. In dit proefschrift laten wij zien dat IL-

100 productie deels afhankelijk is van IDO. Remming van IDO resulteerde in een lagere 

bacteriëlee uitgroei en een verlaagde TNF-a productie. Remming van IDO heeft echter geen 

effectt op lethaliteit. Waarschijnlijk wordt de expressie van beschermende factoren eveneens 

doorr IDO gereguleerd. Deze resultaten geven aan dat de effectiviteit van IDO remmers gering 

is.. Wellicht dat IDO remmers in combinatie met andere behandelingen wel bruikbaar zijn bij 

secundairee bacteriële pneumonie. Pro-inflammatoire mediatoren zoals IL-6 en KC werden n 

niett door remming van IDO beïnvloed. Toediening van LPS, een celwand-component van 

gram-negatievee bacteriën, aan Sendai geïnfecteerde muizen resulteerde in verhoogde IL-6 

productie,, terwijl de productie van andere mediatoren niet beïnvloed werd. Sendai virus 

infectiee resulteerde in een lichte stijging van KC en TNF-a spiegels in de long. IP-10 

productiee was sterk verhoogd in Sendai-geïnfecteerde muizen. Hoewel LPS eveneens tot 

expressiee van IP-10 leidde, was er geen verdere toename waar te nemen na toediening van 

LPSS aan Sendai-geïnfecteerde muizen. De productie van IP-10 wordt aangestuurd door IRF-3. 

Activatiee van IRF-3 is afhankelijk van TRIF, een adapter-molecuul dat bindt aan TLR3 of 

TLR4.. Omdat TLR4 geen rol speelt bij de afweer tegen Sendai virus (hoofdstuk 2), kan 

verondersteldd worden dat TLR3 een belangrijke rol speelt bij de herkenning van Sendai virus. 

Vann TLR3 is bekend dat het dubbel-strengs RNA herkent, wat gevormd wordt tijdens de 

replicatiee van RNA virussen. Het is niet bekend of IDO betrokken is bij de verhoogde IL-6 

productiee na LPS behandeling in Sendai-geïnfecteerde muizen. Niettemin geeft deze studie 
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aann dat de verschillende signalerings-routes elkaar dusdanig beïnvloeden dat de productie van 

IL-66 na toediening van LPS verhoogt. 

Zowell  LPS als S. pneumoniae induceren een overdreven ontstekingsrespons tijdens of kort na 

herstell  van virale luchtweginfecties. Deze overdreven reacties hebben een negatief effect op 

hett verloop van secundaire bacteriële infecties. Beide modellen sluiten een interactie tussen 

viruss en bacteriën uit. Een directe interactie tussen beide pathogenen zou het verloop van 

secundairee infecties kunnen beïnvloeden. In dit proefschrift laten wij zien dat non-typable 

HaemophilusHaemophilus influenzae (NTHI) bindt aan influenza virus. De virale uitgroei in luchtweg 

epitheell  cellen bleek geremd te worden door deze interactie. In muizen bleek het verschil 

tussenn primaire virale infectie en gecombineerde infectie zelfs groter te zijn. Deze resultaten 

duidenn op een beschermende rol van NTHI tijdens influenza infectie. Het is niet duidelijk of 

NTHII  voorkomt dat cellen geïnfecteerd raken of dat de replicatie door NTHI geremd wordt. 

Daarnaastt kan fagocytose eveneens een belangrijke rol spelen bij de versnelde klaring van 

influenzaa in muizen. Deze verklaring wordt ondersteund door het feit dat NTHI binnen 24 uur 

naa infectie geklaard wordt. Als commensaal van de bovenste luchtwegen, zou NTHI, en 

wellichtt ook andere commensalen, kunnen fungeren als natuurlijke barrière voor virussen. 

Eenn influenza-infectie in de lagere luchtwegen kan kolonisatie van NTHI bevorderen. Een 

verhoogdee kolonisatie van bacteriën is de klassieke manier om verhoogde gevoeligheid voor 

bacteriëlee complicaties te verklaren. Beschadiging van het luchtwegepitheel leidt tot binding 

vann bacteriën aan de submucosa van de luchtwegen. Daarnaast zouden bepaalde receptoren, 

diee tijdens virale infecties verhoogd tot expressie komen, kunnen bijdragen aan verhoogde 

kolonisatiee van bacteriën. Zo is gesuggereerd dat de platelet-activating factor receptor (PAFR) 

eenn belangrijke rol zou kunnen spelen bij verhoogde kolonisatie van S.pneumoniae. PAFR 

deficiëntee muizen vertonen een verlaagde bacteriële uitgroei en blijven langer leven na 

secundairee infectie met pneumokokken. Echter, onderzoek naar primaire pneumokokken 

infectiess met behulp van deze muizen leveren dezelfde resultaten op. Hieruit blijkt dat de 

PAFRR geen bijdrage levert aan de verhoogde gevoeligheid voor bacteriële complicaties. 

Desondankss zouden PAFR antagonisten wellicht als medicijn tegen zowel primaire als 

secundairee pneumokokken infectie gebruikt kunnen worden. 

Samenvattend,, de verhoogde gevoeligheid voor secundaire bacteriële infecties is afhankelijk 

vann meerdere factoren, waaronder verhoogde binding van bacteriën aan de (sub)mucosa in de 

luchtwegen,, verhoogde virulentie van bacteriën en virussen en verhoogde productie van pro-
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enn anti-inflammatoire mediatoren. Om nieuwe strategieën tegen secundaire bacteriële 

infectiess te ontwikkelen zal met al deze aspecten rekening gehouden moeten worden. 

Vervolg-onderzoekk zal zich moeten richten op het identificeren van cruciale mediatoren en 

mechanismenn die betrokken zijn bij secundaire bacteriële pneumonie. 
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Tott slot van dit proefschrift wil ik graag nog enkele mensen bedanken. Uiteraard was dit 

proefschriftt niet mogelijk geweest zonder de interesse en inzet van mijn dagelijkse 

begeleiders:: Tom en René. Beiden hebben julli e op geheel eigen wijze een belangrijke 

bijdragee geleverd aan dit onderzoek. Beste Tom, ik heb grote bewondering voor de manier 

waaropp je mijn promotie-onderzoek (en het onderzoek van vele anderen) in goede banen hebt 

geleidt.. Je weet altijd, en niet in de laatste plaats door een ongeëvenaarde literatuur-kennis, 

eenn relatie te vinden tussen fundamenteel onderzoek en klinische vraagstukken. Ik ben blij dat 

ji jj  (samen met prof. Jansen) mijn promotor wilt zijn. Beste René, jouw inbreng bij dit 

onderzoekk is minstens even belangrijk geweest. Dankzij jouw heb ik kritisch leren kijken naar 

verkregenn resultaten. Resultaten waar je altijd halsreikend naar uitkeek (R. Hoe is het gegaan? 

K.. Dat weet ik nog niet; ik ga morgen ELISA's doen!). Met veel plezier zet ik het onderzoek 

binnenn de afdeling longziekten voort (I DO!). Beste prof. Jansen, hoewel u het onderzoek wat 

meerr van een afstand gevolgd heeft, mag uw bijdrage niet onderschat worden. Discussies met 

betrekkingg tot het onderzoek waren altijd bijzonder leerzaam. Ik hoop dat er nog vele 

discussiess mogen volgen de komende tijd. 

Eenn goed begin is het halve werk. Dankzij de afdeling virologie van het Eijkman-Winkler 

instituutt in Utrecht had ik een vliegende start met mijn promotie-onderzoek en had ik binnen 

dee kortste keren een grotee hoeveelheid virus-stock beschikbaar en kon ik de moleculaire 

diagnostiekk in mijn modellen implementeren. Mijn dank gaat uit naar iedereen die mij daarbij 

geholpenn heeft. Toch wil ik een paar mensen in het bijzonder bedanken. Leontine, zonder 

jouww inzet, tijd en geduld (een eigenschap die ik nog wel eens mis), was het niet mogelijk 

geweestt om de infectie-modellen zo snel op te kunnen zetten. Monique, een snelle reactie is 

goudd waard (leve het internet!). Rob, en ook Leontine en Monique, bedankt voor julli e 

kritischee noten bij het schrijven van de manuscripten. 

Graagg wil ik al het ondersteunend personeel van de afdeling Experimentele Inwendige 

Geneeskundee en de afdeling Experimentele Immunologie bedanken voor hun inzet de 

afgelopenn jaren. In het bijzonder wil ik de biotechnici, Joost en Ingvild, noemen voor de hulp 

diee zij geboden hebben bij de vele experimenten die ik gedaan heb. Uiteraard wil ik alle 

verzorgerss van het GDIA/ARIA daarbij betrekken. Ook de medewerkers van de afdeling 

pathologiee hebben hun steentje bijgedragen aan dit proefschrift. Beste Sandrine en Anita, ik 
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hoopp dat ik af en toe nog een beroep op julli e kennis en kunde mag doen. Het heeft mij enorm 

geholpen.. En niet te vergeten: Jennie, zonder jouw tips en advies zouden veel bepalingen niet 

geluktt zijn. 

All ee collega's van Experimentele Immunologie en Experimentele Inwendige Geneeskunde: 

bedanktt voor alle gezelligheid tijdens de koffiepauzes, borrels, feestjes, labuitjes en 

congressenn (gevoelsmatig zijn dat ook labuitjes). Mieke, bedankt dat ji j mijn paranimf wil 

zijn.. Beste Lars, we kennen elkaar inmiddels ruim 16 jaar. Het voelt als vanzelfsprekend om 

jouu als paranifm bij mijn promotie te vragen. 

Ikk wil alle vrienden en familie bedanken voor de interesse die julli e de afgelopen jaren 

getoondd hebben. In het bijzonder wil mijn ouders bedanken. Lieve pap en mam, zonder het 

vertrouwenn en de vrijheid die julli e mij gegegeven hebben zou ik nooit zo ver gekomen zijn. 

Tott slot: Lieve Jessica, duizend maal dank voor jouw steun, vertrouwen en geduld, en bovenal 

jouww liefde en warmte. Ik hou van je! 

Koen n 
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