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Chapterr 8 

Abstrac t t 
Experimentall studies trying to elucidate the inflammatory response during pneumonia, have 

mainlyy used spontaneously breathing animals with no preexisting lung injury. However, 

manyy patients at risk for pneumonia are mechanically ventilated and have clear signs of 

surfactantt dysfunction. In the present study, group B streptococcal (GBS) pneumonia was 

inducedd in surfactant-deficient newborn piglets, which were treated with either conventional 

orr lung protective ventilation (open lung concept), with or without exogenous surfactant. 

Duringg open lung ventilation, collapsed alveoli were recruited and thereafter stabilized 

usingg high levels of positive end-expiratory pressures. After 5 hours of ventilation interleukin 

(IL)) 8 and tumor necrosis factor alpha (TNF-a) were measured in broncho-alveolar lavage 

fluidd and serum, and myeloperoxidase (MPO) levels in the lavage fluid only. Compared to 

conventionallyy ventilated healthy animals, GBS instillation in surfactant-deficient animals 

resultedd in a significant increase in lavage levels of IL-8, TNF-a and MPO. Open lung 

conceptt ventilation in surfactant-deficient animals attenuated this inflammatory response. 

Exogenouss surfactant, however, did not mitigate inflammation, despite in vitro evidence 

off a surfactant-mediated suppression of cytokine release from different pulmonary cells. 

Theree was no evidence for systemic dissemination of the inflammatory response, as indicated 

byy the relatively low serum levels of IL-8 and TNF-a. We conclude that surfactant deficiency 

enhancess the inflammatory response during GBS pneumonia and that this response is 

attenuatedd by open lung ventilation, but not exogenous surfactant. 
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Inflammatoryy responses during pneumonia 

Introductio n n 
Pneumoniaa is a common problem in adult, pediatric and newborn patients admitted to the 

intensivee care unit13. Subsequent translocation of bacteria from the lung to the blood can 

leadd to septic shock, which increases the mortality rate *6. Experimental studies have tried to 

determinee the specific role of pulmonary host defense in relation to pneumonia. Besides 

alveolarr macrophages (AM) and the surfactant protein <SP)-A and SP-D 7'10, the production 

off pro-inflammatory mediators like tumor necrosis factor alpha (TNF-a) and interleukin 

(IL)-88 are considered important as a first line of defense during developing pneumonia 1113. 

Locall release of these mediators induces early recruitment of polymorphonuclear leukocyte 

(PMN)) to the site of infection, which seems to be critical for rapid clearance of bacteria 

duringg pneumonia R 15. 

Inn most experimental studies exploring the changes in pulmonary inflammation during 

pneumonia,, animals were surfactant sufficient and breathing spontaneously 13'16. However, 

manyy patients developing pneumonia in the intensive care unit, are mechanically ventilated 

andd have clear signs of surfactant dysfunction n 3-17'18. Both experimental and human 

studiess have shown that mechanical ventilation and surfactant dysfunction by itself can 

inducee pulmonary inflammation ,9"21. Lung protective ventilation strategies are able to 

attenuatee this inflammatory response 1921, and in vitro studies have shown that exogenous 

surfactant,, which is often used in newborn infants, also possesses this ability 23. To 

determinee to what extent ventilation and surfactant modulate inflammatory responses 

uponn exposure to bacteria, we used our model of experimental pneumonia in surfactant-

deficientt newborn piglets using group B streptococci (GBS), which can cause invasive 

infectionss in both newborns and adults 24,2S. The animals were treated with exogenous 

surfactantt and ventilated with different ventilation strategies, including a lung protective 

ventilationn strategy. 

Wee recently reported that both exogenous surfactant and lung protective ventilation mitigated 

bacteriall growth in the lung and reduced bacterial translocation into the blood 26. The 

presentt report describes the inflammatory changes during these interventions as measured 

byy TNF-a and IL-8 in lavage fluid and serum, and by assessing PMN activation through 

myeloperoxidasee levels in lavage fluid. Our results indicate that the ventilation strategy is a 

majorr denominator in the inflammatory response to GBS. 
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Method s s 
Thesee experiments were performed at the Department of Anesthesiology, Erasmus MC-

Facultyy Rotterdam. The study was approved by the institutional Animal Investigation 

Committeee and the care and handling of the animals were in accord with NIH guidelines. 

Animals s 
Animall preparation and interventions have been described in more detail elsewhere 26. In 

short,, newborn piglets were anesthetized with ketamine hydrochloride (35 mg/kg, 

intramuscularly)) and midazolam (0.5 mg/kg, intramuscularly), tracheotomized and 

connectedd to a ventilator (Servo 300 Siemens-Elema, Solna, Sweden). Catheters were 

insertedd in the carotid artery and the external jugular vein, followed by a continuous 

infusionn of fentanyl (20 u.g/kg/h), midazolam (0.3 mg/kg/h) and pancuronium bromide 

(0.33 mg/kg/h). 

Animalss were subjected to one or more of the following interventions. 

LungLung lavage. Respiratory failure was induced by removing the endogenous surfactant 

throughh repeated saline lavage (50 ml/kg; , as previously described 27. 

SurfactantSurfactant treatment. Animals were treated with a bolus (300 mg/kg) of natural modified 

surfactantt (HL 10, Leo Pharmaceutical Products, Ballerup, Denmark; Halas Pharma GmbH, 

Oldenburg,, Germany) or an equal volume of air. 

BacterialBacterial instillation. Thirty minutes after the surfactant/air bolus, 2 aliquots of 5 ml/kg (108 

colonyy forming units (CFU) per ml) of an encapsulated GBS la 90 LD serological subtype, 

weree injected intratracheal^ in the right and left lateral position to ensure equal distribution. 

ConventionalConventional positive pressure ventilation (PPVcoJ. PEEP was set at 4-5 cmH20 and peak 

inspiratoryy pressure (PIP) was adjusted to maintain a tidal volume of approximately 7 ml/ 

kg,, which is nowadays considered lung protective 28. 

OpenOpen lung concept positive pressure ventilation (PPVOLC). This strategy aims to reverse 

atelectasiss by applying a recruitment maneuver and stabilizing alveoli with sufficient 

PEEP,, as previously described 27. 

Experimentall groups 

Animalss were randomly assigned to different intervention groups (n=13 per group): 

(1)) Healthy: healthy animals receiving GBS and PPVC0N; (2) Lavaged: lavaged animals 

receivingg GBS and PPVC0N; (3) Surfactant: lavaged animals receiving surfactant, GBS and 

PPVCON;; (4) OLC: lavaged animals receiving GBS and PPV0LC; (5) Surfactant-OLC: lavaged 

animalss receiving surfactant, GBS and PPV0LC; (6) Saline: lavaged animals (n=8) receiving 
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100 ml/kg of saline instead of GBS, followed by PPVCON. 

Followingg GBS instillation (t = 0) animals were ventilated for 5 hours using the assigned 

ventilationn strategy. 

Inflammatoryy analysis 

Att the end of the experiments, 3 ml of blood was drawn for analysis of inflammatory 

parameters.. The lungs of three animals in each group were used for histological analysis, 

describedd elsewhere 26. In the remaining animals bronchoalveolar lavage was performed on 

thee right lung with 40 ml/kg saline solution supplemented with 1.2 mM CaCI2. The percentage 

off lung lavage fluid recovered was calculated. Blood and lavage samples were centrifugated 

forr 10 minutes at 1500 g to remove cell material and thereafter stored at

IL-8,, TNF-cc and MPO were measured in ELISAs; IL-8 and TNF-a in assays using antibodies 

directedd against porcine IL-8 (plL-8) and TNF-a (pTNF-a), and MPO in an assay using 

antibodiess raised against human MPO. 

Inn short, for pTNF-a, Nunc maxisorp ELISA plates were coated overnight at C with a 

polyclonall rabbit anti-mouse IgG (Z0412, DAKO, Glostrup, Denmark; 0.42 pg/ml; 100 pi 

perr well). Plates were washed four times with 0.02% (v/v) Tween-20 in PBS (washing 

buffer),, after which remaining binding sites were blocked using 1% bovine serum albumin 

(BSA;; Sigma, St. Louis, MO) and 5% sucrose in phosphate-buffered saline (PBS;200 pi per 

well)) under constant agitation (500 rpm) for 1 h at room temperature. Plates were washed 

fourr times with washing buffer and incubated with MAB 6902 (R&D systems, Uithoorn, 

thee Netherlands; 1 pg/ml; 100 pi per well) at 500 rpm for 1 hour at room temperature. 

Afterr four washes, samples (200 ul per well) were diluted at least 1 to 1 with 1% BSA in 

200 mM Trizma base, 150 mM NaCI, pH 7.3 or recombinant pTNF-a (R&D) as a standard 

weree added to the wells, and left overnight at room temperature and 500 rpm. Next, plates 

weree washed four times, and the detecting biotinylated antibody (BAF 690; R&D; 250 ng/ 

ml,, 200 pi per well) was added and left for 2 hours, at room temperature and 500 rpm in 

thee dark. 

Att least 1 hour prior to use of BAF 690, the antibody was diluted in 1 % BSA with 2% (v/v) 

normall goat serum in PBS. After incubation, plates were washed four times, incubated for 

300 minutes at room temperature and 500 rpm with streptavidin-poly-HRP (Sanquin, 

Amsterdam,, The Netherlands; 1/10,000 dilution in 2% (v/v) milk in PBS; 200 pi per well). 

Afterr 4 washes, plates were developed with tetramethylbenzidine and read in a 

microtitreplatee reader. For plL-8 we basically used the same protocol as described above. 
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MAB53511 and BAF 535 (both R&D) were used as catching and detecting antibody, 

respectively.. Samples were diluted in 1 % BSA in PBS, and no normal goat serum was 

usedd in the second antibody step. Also, the incubation step with the detecting antibody 

wass 2 hours only. The MPO ELISA has been described elsewhere 29. Al though the 

polyclonall antibodies used in this assay were raised against human MPO, serial dilutions 

off porcine material closely followed the standard curve with human MPO indicating 

thatt this assay could be used to detect porcine MPO. 

Thee lower limits of detections for the plL-8, pTNF-cc and pMPO are 0.08, 0.4 and 2 ng/ml, 

respectively.. For all assays, we have performed recovery studies in which exogenous 

proteinn added to a sample was recovered near 100%. 

StatisticalStatistical analysis. Statistical analysis was performed using SPSS version 11 (SPSS Chicago, 

IL,, USA). Data on IL-8, TNF-a and MPO were presented as scatter plots and analyzed with 

aa Kruskal Wallis test. The Spearman coefficient was used to analyze correlations between 

thesee variables. A p-value of 0.05 or less was considered statistically significant. 

Result s s 
Animals.Animals. A total of 73 animals were included in the study. The mean age and weight were 

744  16 (SD) hours and 1.9  0.3 (SD) kg, respectively. The recovery of broncho-alveolar 
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Figur ee 1. Scatter plot of individual interleukin-8 levels in the lavage fluid obtained after the 5 hour 
ventilationn period. The median is presented as a solid line. Healthy, GBS + PPVCON. Lavaged, lavaged + GBS 
++ PPVC0N. Surfactant, lavaged + GBS + surfactant + PPVC0N. OLC, lavaged + GBS + PPV0LC. Surfactant-OLC, 
lavagedd + GBS + surfactant + PPVolc. Saline, lavaged + saline + PPVC0N. 
a p << 0.001 vs healthy, OLC, surfactant-OLC and saline. b p < 0.005 vs healthy, and p<0.OS vssaline, ' p 
<0.0011 ys healthy and lavaged, and p< 0.05 vs saline. d p < 0.001 vs healthy, lavaged and saline. 
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Healthyy Lavaged Surfactant OLC Surfactant- Saline 
OLC C 

Figur ee 2. Scatter plot of individual myeloperoxidase levels in the lavage fluid obtained after 5 hour 
ventilationn period. The median is presented as a solid line. Healthy, GBS + PPVC0N. Lavaged, lavaged + GBS 
++ PPVC0N. Surfactant, lavaged + GBS + surfactant + PPVC0N. OLC, lavaged + GBS + PPV0LC. Surfactant-OLC, 
lavagedd + GBS + surfactant + PPV0LC. Saline, lavaged + saline + PPVC0N. 
aa p < 0.001 vs saline, and p< 0.05 vs lavaged.bp <0.001 vs OLC, surfactant-OLC and saline, and p <0.05 
vsvs healthy.' p < 0.005 vs saline, and p < 0.05 vs OLC and surf actant-OLC.d p < 0.001 vs lavaged and saline, 
andp<< 0.05 vs surfactant. * p < 0.0001 vs lavaged, and p<0.05 vs surfactant and saline. 

lavagee fluid was 64  6 (SD) % of the volume instilled. There were no intergroup differences 

inn age, weight and the recovery of the broncho-alveolar lavage fluid. 

InflammatoryInflammatory variables. As shown in Figure 1, IL-8 levels were low in the lavage fluid of 

animalss subjected to either GBS instillation (healthy) or lung lavage (saline), followed by 

PPVC0N.. However, combining both interventions (lavaged) in these conventionally ventilated 

animals,, resulted in a significant increase in IL-8 levels. Exogenous surfactant (surfactant) 

didd not change this response. This in contrast to OLC ventilated animals, which had 

significantlyy lower IL-8 levels in the lavage fluid. Administration of exogenous surfactant 

priorr to OLC ventilation did not further modulate IL-8 levels. 

PMNN activation, expressed as MPO levels in the lavage fluid, was detected in all animals 

challengedd with GBS instillation (Figure 2). Similar to IL-8, OLC ventilated animals had low 

MPOO levels compared to lavaged animals ventilated with PPVC0N. There was a significant 

correlationn between the IL-8 and MPO levels using all data (Figure 3). 

Comparedd to the healthy and saline groups, TNF-a levels were relatively high in lavage 

fluidd of the animals in the lavaged and surfactant group (Figure 4). OLC ventilated animals 

hadd lower levels of TNF-a. In contrast to the findings for IL-8 and MPO, TNF-a levels in 

OLCC ventilated animals also treated with exogenous surfactant were comparable to those 

inn the lavaged and surfactant groups. 
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Serumm levels of IL-8 were detectable in a minority of animals in the healthy (8), lavaged 

(5),, surfactant (7), OLC (3) and surfactant-OLC (1) groups, but the median levels were 

beloww 0.2 ng/ml and revealed no significant differences between the groups. Serum TNF-

ccc was only detectable in one animal in the surfactant, OLC and surfactant-OLC group. 

255 -, 

200 30 40 50 
Interleukinn - 8 (ng/ml) 

60 0 70 0 80 0 

Figur ee 3. Correlation between individual levels of interleukin-8 and myeloperoxidase in lavage fluids obtained 
afterr death or after 5 h of ventilation 
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Figur ee 4. Scatter plot of individual tumor necrosis alpha levels in the lavage fluid obtained after death or 
afterr the 5 h ventilation period. The median is presented as a solid line. Healthy, GBS + PPV . Lavaged, 
lavagedd + GBS + PPVC0N. Surfactant, lavaged + GBS + surfactant + PPVCON. OLC, lavaged + GBS + PPVotc. 
Surfactant-OLC,Surfactant-OLC, lavaged + GBS + surfactant + PP\A . Saline, lavaqed + saline + PPV 

-** OLC ' - ' CON 
ap<0.011 vs saline, and p< 0.05 vs healthy and OLC. bp<0.01 vs healthy, OLC and saline. cp< 0.01 vs 
surfactant,, and p < 0.05 vs lavaged.d p < 0.05 vs saline. 
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Discussio n n 
Inn the present study we show that in contrast to healthy animals, GBS instillation in 

conventionallyy ventilated surfactant-deficient animals, induces a marked inflammatory 

responsee with increased PMN activation and increased levels of IL-8 and TNF-a in the 

lavagee fluid. This proinflammatory response can be prevented by using a lung protective 

ventilationn strategy, i.e. the OLC, but not by administration of exogenous surfactant. 

Upp to now inflammatory changes during mechanical ventilation have mainly been studied 

inn the healthy or surfactant-deficient lung. High tidal volume leading to alveolar 

overdistensionn (volutrauma) and insufficient levels of PEEP leading to alveolar collapse 

(atelectrauma),(atelectrauma), have been shown to enhance cytokine production and PMN recruitment 

inn the lung 19-30-31. The settings applied during PPVCON in the present study, however, are 

consideredd non-injurious when treating surfactant-deficient newborn infants 32. The low 

levelss of IL-8, TNF-a and MPO in lavage fluid from the sa//'ne-treated animals are consistent 

withh this assumption. Furthermore, with the exception of PMN activation (MPO), IL-8 and 

TNF-aa levels were also low in the lavage fluid of conventionally ventilated healthy animals 

exposedd to GBS bacteria. However, when inducing a "second hit" model with the instillation 

off GBS in the surfactant-deficient lung, PPVC0N leads to a pronounced inflammatory response, 

includingg PMN activation {lavaged group). There are a number of possible explanations 

forr this enhanced inflammatory response. 

First,, previous experimental studies have shown that AM deficiency may result in an 

exaggeratedd inflammatory response during pneumonia, accompanied by a higher influx 

off PMN and increased cytokine production 7. In the present study, AM function may also 

havee been impaired, because lung lavage will remove part of the AM 33. Furthermore, the 

highh degree of atelectasis during PPVCON, may have impaired the function of the remaining 

AMM 34. The latter may also in part explain the attenuated inflammatory response during 

OLCC ventilation, because during this ventilation strategy atelectasis is reversed by a 

recruitmentt maneuver. 

Secondly,, we previously reported that surfactant-deficient animals had the highest GBS 

proliferationn in the lung after 5 hours of conventional ventilation 26. This increased bacterial 

burdenn may have activated PMN and stimulated proinflammatory cytokine production. 

Thee attenuation of these inflammatory responses during 5 hours of OLC ventilation is also 

consistentt with this assumption, because we previously described that this ventilation 

strategyy significantly mitigated bacterial growth compared to conventional ventilation 26. 

Finally,, the development of severe pneumonia in the surfactant-deficient animals, may 
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havee increased the susceptibility of the lung to ventilator-induced lung injury during 

PPVCON.. We previously described that conventionally ventilated animals in the tavaged 

groupp had much lower Pa02 levels, and thus a higher degree of atelectasis, compared to 

thee healthy and saline groups 26. This may have resulted in both increased atelectrauma 

andd volutrauma, as the preset (noninjurious) tidal volume is redistributed to the healthy 

lungg parts, thus creating regional overdistension 35. This could also explain the attenuated 

inflammatoryy response during OLC ventilation because during this protective ventilation 

strategy,, the increased atelectasis is reversed by applying a recruitment maneuver and 

alveolii are thereafter stabilized by applying high levels of PEEP. 

Itt was interesting to observe that exogenous surfactant did not attenuate the inflammatory 

responsee during 5 hours of conventional ventilation. This despite a (modest) reduction in 

bacteriall growth after 5 hours of ventilation 26 and despite previous in vitro reports showing 

thatt surfactant suppressed the release of mediators like TNF-a and IL-8 from stimulated 

humann monocytes, AM and epithelial cells 22*23,36. The increased TNF-a production after 

administeringg exogenous surfactant to OLC ventilation might even suggest that surfactant 

iss able to stimulate cytokine production during pneumonia. These results indicate that in 

vitrovitro findings might not always reflect the actual changes that take place in vivo. 

Despitee high levels of IL-8 and TNF-a in lavage fluids, we found low serum levels of both 

cytokiness in the different treatment groups, indicating that the inflammatory response is 

mainlyy confined to the lung. Although other experimental studies have also reported low 

serumm levels of IL-8 and TNF-a during the first hours of pneumonia, animals in these 

studiess were breathing spontaneously and had no pre-existing lung injury 13,16. The latter 

mightt prove important as animal studies have shown that surfactant deficiency and injurious 

ventilationn can result in decompartimentalisation of cytokines produced in the lung 37'38. 

However,, the ventilation strategy applied during these previous studies was injurious, 

usingg high tidal volumes and zero PEEP 31-37. This might explain the discrepancy on 

decompartimentalisationn with the present study, which used relatively low tidal volumes 

andd moderate levels of PEEP during PPVC0N, settings that were able to confine the 

inflammatoryy response to the lung. 

Inn conclusion, the present study shows that inflammatory changes during pneumonia 

inn surfactant-deficient ventilated piglets, are strongly influenced by the ventilation strategy. 

Lungg protective ventilation (OLC) attenuates proinflammatory cytokine (IL-8, TNF-a) 

productionn and PMN activation. In contrast to in vitro studies, exogenous surfactant 

doess not seem to suppress cytokine production in this in vivo model. These result might 
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provee important for identifying those patients most at risk for severe pneumonia. From 

ann inflammatory point of view surfactant dysfunction seems to increase the risk for 

severee pneumonia. Ventilation with the open lung concept attenuates this inflammatory 

response. . 
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