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ABSTRACT

Surfactant dysfunction is probably involved in the pathophysiology of neonatal group B
streptococcal (GBS) pneumonia. Aim of the present studies was to evaluate efficacy and
safety of surfactant replacement therapy for term and preterm neonates with severe
respiratory failure due to GBS infection. We investigated the effects of surfactant on
growth of GBS and on oxidative metabolism of polymorphonuclear neutrophilic
granulocytes (PMN) stimulated with GBS, and developed an animal model of GBS
pneumonia for studies on lung function, inflammatory response and bacterial proliferation
in lung tissue.

Surfactant reduced nitroblue tetrazolium-reduction of resting PMN. In contrast, when
PMN were stimulated with encapsulated GBS and a specific antibody no suppression in
the release of reactive oxygen species from PMN could be observed following incubation
with surfactant.

We tested the effects of surfactant treatment in tracheotomized, ventilated, near-term
newborn rabbits with experimental GBS pneumonia. In this model we found reduced
bacterial proliferation following instillation of exogenous surfactant as compared to
controls receiving saline. In addition, lung function was significantly improved in preterm
rabbits with GBS pneumonia receiving surfactant. The surfactant associated protein A
(SP-A) stimulates the phagocytosis of bacteria by alveolar macrophages and is believed
to play an important role in the pulmonary antimicrobial defense system. However,
inactivation of SP-A by a monoclonal antibody did not influence bacterial proliferation in
our model. Furthermore, we could demonstrate that simultaneous instillation of surfactant
and specific antibodies against the polysaccharide capsule of GBS reduced bacterial
growth in the lungs of GBS infected newborn rabbits more effectively than either treatment
alone. We speculate that this might be due to a more homogenous and rapid distribution
of the antibodies within the lung.

To study the effectiveness of surfactant treatment in neonatal GBS pneumonia, we
assessed oxygen requirements and complication rates in 118 neonates with severe
respiratory failure due to GBS infection. We could demonstrate a significant improvement
in oxygenation within 1 h following surfactant instillation. However, the response to
exogenous surfactant was slower than in non-infected infants with respiratory distress
syndrome.

The use of surfactant for treatment of bacterial pneumonia deserves further
experimental evaluation not only in neonates, but also in children and adults.
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ARDS
BW
CFU
CRP
DPPC
FiO,
GBS
GBS LD
GBS HD
I/T-ratio
NBT
PEEP
PBS
PIP
PMN
RDS
SP-A
SP-B
SP-C
SP-D

acute (adult) respiratory distress syndrome

body weight

colony forming units

C-reactive protein

Dipalmitoylphosphatidylcholine

fraction of inspiratory oxygen

group B streptococci

low density (= encapsulated) phase variant of GBS
high density (= non-encapsulated) phase variant of GBS
ratio of immature to total neutrophil count

nitroblue tetrazolium

positive end-expiratory pressure

pulsating bubble surfactometer

peak inspiratory pressure

polymorphonuclear neutrophilic granulocytes
respiratory distress syndrome

surfactant protein A

surfactant protein B

surfactant protein C

surfactant protein D
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1. INTRODUCTION
1.1 PULMONARY SURFACTANT

Milestones from history. Pulmonary surfactant is a film of surface active agents that coats the
alveolar surface and the small conducting airways preventing lung collapse at the end of
expiration. Laplace described the physical principles of surface tension more than 200 years
ago. However, it was not until the 1920s that the physiological significance of air/liquid
interfaces was clearly understood. On the basis of recordings from excised lungs filled with
air or liquid, von Neergaard concluded in 1929 that "in all states of expansion surface tension
was responsible for a greater part of lung elastic recoil than was tissue elasticity"”. His concept
was forgotten until 1947 when Gruenwald described surface tension as a factor in the
"resistance of neonatal lungs to aeration”. It was not until 10 years later that systematic
research on surface activity of alveolar lining material was initiated and Pattle (1955) and
Clements (1956) described the role of surfactant for lung stability during the respiratory cycle

(for a review of the history of surfactant research see: Obladen 1992).

In 1959 Avery und Mead discovered that surfactant deficiency was the cause for neonatal
respiratory distress syndrome (RDS). In the following years the surfactant system was
characterized and successful experiments of surfactant replacement in preterm newborn
animals were performed by Enhdrning and Robertson in 1972. The initial clinical trials using
isolated synthetic phospholipids for treatment of babies with RDS were disappointing
(Robillard et al. 1964). However, in 1980 Fujiwara and coworkers reported the successful use
of a modified bovine surfactant for treatment of neonatal RDS. In this and many subsequent
trials surfactant was shown to improve pulmonary gas exchange and reduce morbidity and
mortality of neonates with severe RDS. Up to now more than 6000 infants have been studied
in 33 trials. Surfactant replacement therapy has such a distinct effect on the mortality of
premature infants that a remarkable reduction in overall infant mortality has been observed in
several countries after the introduction of commercially available surfactant preparations (for

review see: Soll 1998).

Composition, function. Natural surfactant is a mixture of lipids, proteins (about 10%), and a
small proportion (less than 1%) of carbohydrates. The major lipid component is
dipalmitoylphosphatidylcholine (DPPC). The phospholipids form a film on the alveolar
surface reducing surface tension close to zero at end-expiration thereby preventing alveolar

collapse. Adequate surface activity in vivo is only found in surfactant preparations that
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contain phosholipids and specific, surfactant associated proteins (SP = surfactant protein).
Four surfactant proteins (A - D) have been described to date (Johansson et al. 1994).

The hydrophobic surfactant proteins SP-B und SP-C play a key role in the adsorption and
spreading of the lipids on the alveolar surface (Whitsett und Baatz 1992). Inactivation of
SP-B in immature ventilated newborn rabbits by a monoclonal antibody causes immediate
severe respiratory failure (Robertson et al. 1991). SP-B defiency was recently described as the
underlying molecular defect of congenital alveolar proteinosis, a rare cause of lethal
respiratory failure in infants and neonates (Nogee et al. 1994). Experiments on animals that
are genetically deficient in surfactant proteins ("knock out mice™) have greatly contributed to
the understanding of the role of surfactant proteins in recent years (LeVine et al. 1997,
LeVine et al. 1998).

SP-A is the most abundant hydrophilic surfactant protein. In its monomeric form it has a
molecular mass of 28-36 kDa. The functional form of SP-A probably consists of 18
monomeric subunits. The molecule has structural similarities to the complement factor Clq
and the mannose binding protein, both of which are involved in host defence. SP-A is
believed to play a pivotal role in surfactant metabolism, regulating secretion and uptake of
surfactant (Jobe und Rider 1992). In addition, SP-A seems to enhance the resistance of
surfactant to inactivation by plasma proteins (Cockshutt et al. 1990). However, SP-A
deficient ("SP-A knock out”) newborn mice do not suffer from respiratory failure, indicating
that this protein is not required for normal respiratory function (LeVine et al. 1997). On the
other hand SP-A and SP-D stimulate alveolar macrophages and are important factors in the
pulmonary immune defence system (van Iwaarden 1992, van Iwaarden and van Golde 1995).
The importance of SP-A for host defence, has recently been underlined by the observation of
increased susceptibility to infections with group B streptococci in SP-A deficient mice
(LeVine et al. 1997).

1.2 GROUP B STREPTOCOCCI

Milestones from history. Group B streptococci (GBS) are Gram-positive microorganisms with
an average diameter of 0.8 to 1 um. Under the microscope the organism can be recognized by
their ability to form characteristic chains (Figure 1). On blood agar plates a typical
R-haemolysis can be seen. In 1893 Kitt described bacteria causing mastitis in cows that failed
to give milk and named them Streptococcus agalactiae contagiosae (for review of historical

aspects of GBS infections see: Dillon 1985). For many years these bacteria were considered
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non-pathogenic for humans (Ayers and Rupp 1922). GBS were recognized as a cause for
human infections in 1938 when Fry described 3 cases of fatal puerperal sepsis. The first cases
of neonatal GBS infections were reported 60 years ago (Brown 1939). In the sixties GBS
were identified as a major cause for neontal infections (Hood et al. 1961). During the
seventies there was a dramatic increase in the incidence of septicaemia due to GBS, and GBS
replaced E. coli and/or S. aureus as the most common organism associated with bacteraemia
in the first 2 months of life (Baker and Edwards 1995).

Lancefield classified streptococci in groups (A - E) on the basis of their haemolytic capacity
and their antigenic structure (Lancefield 1933). For GBS he described the 3 specific antigens |
- 11 (Lancefield 1934). This classification is still valid but new types and subtypes have been
added as other antigenic structures have been discovered. Subtype | and 1l cause the majority
of neonatal infections, and type Il is especially encountered in infants with GBS meningitis.
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Neonatal GBS infections. Infections with GBS are most commonly observed in the first days
of life (Baker and Edwards 1995). About 2/3 of all cases are diagnosed in the first week of
life ("early onset" septicaemia). Haemolysins and the polysaccharide capsule of GBS seem to
be important virulence factor. If mothers lack opsonizing antibodies against the
polysaccharide capsule, neonates are especially prone to severe infections (Baker et al. 1976).

Infection rate and mortality are substantially higher in premature infants, and low levels of
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specific immunoglobulins, as well as insufficiency/immaturity of the complement system and
defects in phagocytosis by neutrophilic granulocytes have been described in affected

premature neonates (Baker 1997).

Vaginal GBS colonization is found in between 10 and 30% of pregnant women. However,
less than 50% of the infants born to colonized mother demonstrate GBS in cultures taken
from the skin surface. Only 1 of 100 infants with GBS colonization develops severe systemic
infection (American Academy of Pediatrics, Committee on Infectious Diseases and
Committee on Fetus and Newborn 1992 and 1997). Nevertheless, as colonization is so
common, the organism is still a leading cause of early onset septicaemia (1 to 4 cases per
1000 liveborn infants) in neonates in Northern Europe (Kéllmann 1997) and the USA (Philip
1994). The majority of neonates with GBS infections develop respiratory symptoms
(Weisman et al. 1992). In premature neonates GBS pneumonia and RDS may coexist (Ablow
et al. 1976).

1.3 NEONATAL PNEUMONIA

Connatal infections constitute a frequent problem in neonatology. The incidence of severe
bacterial infections that need antibiotic treatment is estimated between 10 and 20 cases per
1000 newborn infants in Western countries. Premature and/or prolonged rupture of
membranes is the most important risk factor for amnion infection syndrome. The lung is
commonly the entry site for systemic bacterial infections, as infected amniotic fluid may be

aspirated prenatally or during the delivery.

The invasion of microorganisms into the lungs evokes an inflammatory response, attracting
phagocytes to the airways. As newborns are relatively deficient in alveolar macrophages
during the first days of life (Zeligs et al. 1984), neutrophilic polymorphonuclear granulocytes
(PMN) play a key role in antibacterial defence. The leucocytes release a variety of cytokines
and reactive oxygen metabolites. These products cause damage to the alveolar-capillary
barrier with a resultant influx of plasma proteins (Figure 2). Proteins like albumin and
fibrinogen can directly inhibit surfactant function (Seeger et al. 1985) causing severe
respiratory distress (Somerson et al. 1971). In addition, enzymes released from the granules of
PMN, e.g. neutrophil elastase, may cause proteolytic damage to surfactant proteins (Pison et
al. 1989). Surfactant synthesis is decreased during acidosis and hypoxia and a direct
degrading effect of bacterial enzymes (e.g. phospholipases) on surfactant lipids has been

described (Holm et al. 1991). Lysophospholipids generated by phospholipase A, not only
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inhibit surfactant, but make it more susceptible to inhibition by serum proteins (Cockshutt and
Possmayer 1991).

As hypoxaemia and hypercarbia may ensue, mechanical ventilation has to be initiated in
severely affected infants. Inhomogenous aeration with overextended and atelectatic regions
within the lungs may be the consequence and shear forces may lead to mechanical disruption
of airway epithelium with further leakage of plasma proteins. Thus, in theory, early
replacement therapy with exogenous surfactant may be beneficial in infants with severe
pneumonia in order to prevent ventilator induced lung injury and the consequent leakage of

plasma proteins into the bronchoalveolar space.

Disturbed I Inflammatory
alveolar-capillary «— Infection T reaction

permeability L 4 (Pneumonia)

Type 11 cell damage

Surfactant deficiency :
Surfactant inhibition  ~ g

| Respiratory failure |

Figure 2: Pathophysiology of neonatal pneumonia

Clinical, laboratory and radiological signs cannot differentiate with certainty between
"idiopathic” respiratory distress syndrome and GBS pneumonia in the early course of the
disease (Ablow et al. 1976).

Soon after the introduction of surfactant therapy for neonatal RDS, improvement of gas
exchange was described in case reports on infants with neonatal pneumonia treated with
surfactant (Herting et al. 1989, Gortner et al. 1993, Khammash et al. 1993, Auten et al. 1991,
Fetter et al. 1995). However, no systematic studies were available and concern was expressed
on the basis of animal and in vitro experiments that surfactant treatment might promote

bacterial growth in the neonatal lung (Sherman et al. 1988).
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AIMS OF THE STUDIES

The specific aims of the studies reported in this thesis were:

To study the effects of surfactant on the oxidative metabolism of polymorphonuclear
neutrophilic granulocytes stimulated by group B streptococci (GBS) opsonized with a
specific antiserum (paper I).

To develop a new model of GBS pneumonia in ventilated near-term newborn rabbits, and

to study the effects of surfactant on bacterial proliferation and lung histology in this model
(paper I1).

To study the effects of surfactant replacement on lung function and bacterial proliferation

in experimental GBS pneumonia in ventilated immature newborn rabbits (paper I11).

To investigate whether bacterial growth in experimental neonatal GBS pneumonia is
modified by blockage of endogenous surfactant protein A with a monoclonal antibody

(paper V).

To evaluate the effects of combined treatment with surfactant and specific anti-bacterial
antibodies on lung function and bacterial proliferation in experimental neonatal GBS

pneumonia (paper V).

To study the clinical effects of surfactant treatment on gas exchange in term and preterm

neonates with respiratory failure and GBS infection (paper V1).
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3. MATERIAL AND METHODS

3.1 SURFACTANT

Modified natural surfactant preparations are produced by organic solvent extraction of
phospholipids and associated hydrophobic proteins from lung lavage fluid or tissue
homogenate. They contain only about 1% of surfactant proteins (SP-B and SP-C). The
hydrophilic proteins SP-A and SP-D are removed by the extraction procedure.

Curosurf . Curosurf, the modified natural surfactant used in the present experiments, is
isolated from minced pig lungs (Wiseman and Bryson 1994). Neutral lipids, cholesterol and
lipid esters are removed by a combination of chloroform-methanol extraction and liquid-gel
chromatography. It is sterilized by high pressure filtration through a micropore filter system
and suspended at a concentration of 80 mg/ml of phospholipids. Apart from 99% polar lipids
(CB5% DPPC) it contains only SP-B and SP-C in approximate molar proportions 1:2
(Curstedt et al. 1992). Curosurf has been shown to be effective in animal models of surfactant
deficiency or dysfunction and in randomized controlled clinical trials for treatment of
neonatal RDS (Collaborative European Multicenter Study Group 1988).

Natural surfactant. Natural pig and rabbit surfactants were prepared by lung lavage and
sucrose-gradient centrifugation. The material was dissolved in saline at a phospholipid
concentration of 40 mg/ml. The DPPC content was about 45%, the protein content ~ 10%. In
contrast to modified surfactant preparations like Curosurf, SP-A (~ 50% of total proteins) and

SP-D are present in natural surfactant prepared by this technique.

3.2 BACTERIA

We have identified a GBS strain pathogenic to rabbits and developed an animal model to
study the effects of exogenous surfactant on ventilated near-term newborn rabbits following
intratracheal infection with GBS. An abundantly encapsulated low density (LD) phase variant
of GBS was processed from the reference strain 090 la Colindale by repeated gradient
centrifugation (Hakansson et al. 1988, Hakansson et al. 1990). The strain was kindly provided
by Stellan Hakansson, University of Umea, Sweden. It was stored in aliquots at -70° C,
precultured, washed, centrifuged and suspended in normal saline at a concentration of 10° live
bacteria per ml. Using an overnight culture (16 h) and a second shorter preincubation period

(3 h) the bacteria were brought to the mid-logarithmic growth phase. Using a calibration
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curve of the optical density at 595 nm, nearly identical bacterial numbers could be obtained at
the beginning of the experiments. The number of colony forming units (CFU) in the stock
suspension was determined for each individual experiment by serial dilution and bacterial
counting on blood agar plates following a 24-h incubation period at 37° C in an atmosphere
with 5% CO,. For comparative in vitro studies Escherichia coli (ATTC 25922) and S. aureus
(ATTC 25923) were used. As live bacteria may release reactive oxygen metabolites, heat-
killed microorganisms were used for the NBT tests. In addition to the GBS strains we used
Candida albicans (ATCC 10231) and E. coli (K12), obtained from the National Institute of
Microbiology in Stockholm.

3.3 ANTIBODIES

Antibody to SP-A. R 5 rat monoclonal antibody to rabbit SP-A was generated and purified as
reported elsewhere (Strayer et al. 1996). The final product contained >99% IgG as judged by
sodium dodecyl polyacrylamide gel electrophoresis. No cross reactivity of this antibody with
SP-D or other proteins has been detected to date. The antibody was dissolved in normal saline
at a concentration of 15 mg/ml and stored in aliquots at —=70° C until use. The binding of R 5
to a 30 kDa protein, consistent with SP-A in a natural rabbit surfactant preparation, was
demonstrated by Western blotting (Strayer et al. 1996). In vitro measurements of surface
activity of a “complete”, SP-A containing, natural rabbit surfactant preparation (produced by
lung lavage and sucrose gradient centrifugation) in a pulsating bubble system (see below)
demonstrated a significant increase in surface tension after addition of R 5 anti-SP-A
antibody. We estimated the pool size of endogenous SP-A in term newborn rabbits to be 0.5
Hg/g body weight, based on the data of Stevens and colleagues (1987). In a fetus weighing
40 g, this corresponds to 20 pg. If all of the SP-A were in monomeric form, an equimolar
amount of antibody would thus be 100 pg. If SP-A is in its natural 18mer form, 100 pg of the

antibody is a very large molar excess.

Antibody to GBS. A polyclonal antibody to GBS 090 la LD was generated in adult rabbits by
repeated intravenous injection of heat-killed bacteria (Jelinkova 1977). The 1gG fraction was
purified by affinity chromatography (Protein A, Sephadex 6 MB, Kabi Pharmacia,
Stockholm, Sweden) and ultrafiltration (Amicon Centriplus 100, Amicon, Witten, Germany).
The final product contained >99% IgG as judged by cellulose/acetate foil serum-
electrophoresis (LMB, Bad Godesberg, Germany). The capacity of this antibody to mediate
binding of GBS to PMN thereby stimulating the phagocytes to an increased oxidative
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metabolism was tested using the nitroblue tetrazolium (NBT) test (see below). Curosurf and
the suspension of the specific antibody in saline were mixed in proportion 1 : 1 and incubated
for 60 min at 37° C before use. The final concentrations of Curosurf and 1gG in the
suspension given to the animals were 40 mg/ml and 2.5 mg/ml, respectively. The antibody
was dissolved in normal saline at a concentration of 5 mg/ml and stored in aliquots at -70° C

until use.

3.4 SURFACE TENSION MEASUREMENTS

The Pulsating Bubble Surfactometer (PBS) (Electronetics Corporation, Buffalo, USA)
measures surface tension by generating a bubble in a sample chamber filled with fluid. A
bubble that is communicating with ambient air is kept at preset maximum and minimum
diameters during pulsation with a preset rate, mimicking in- and expiration. Surface tension
(y) in the bubble is determined during cyclic compression from the pressure gradient across
the bubble wall (P) and its radius (r) according to the law of Laplace P = 2y/r (Enhorning et
al. 1992). Daily calibration of the system was performed with 50% methanol (y = 34 + 2
mN/m) and distilled water (y = 70 £ 2 mN/m).

Influence of IgG on surface tension. The influence of rabbit IgG (Sigma Chemicals, St. Louis,
Missouri, USA) on the surface activity of Curosurf, suspended in normal saline at a
concentration of 2 mg/ml or 5 mg/ml, was tested in the PBS. Measurements were made at
37° C during 50% cyclic area compression at a rate of 40 min™. Surface tension at minimum
bubble size (ymin) Was recorded after 5 min of pulsation. IgG was added at concentrations
ranging from 1 to 40 mg/ml and the sample was incubated at 37° C for 30 min before

analysis.

3.5 INFLUENCE OF SURFACTANT AND ANTIBODY ON RELEASE OF REACTIVE
OXYGEN METABOLITES BY POLYMORPHONUCLEAR LEUCOCYTES (PMN)

The production of reactive oxygen metabolites by stimulated phagocytes contributes to the
killing of ingested bacteria. PMN were isolated and purified from healthy adult donors as
described before (Bgyum 1968). Both the encapsulated (GBS LD) and the non-encapsulated
phase variant (GBS HD) of the GBS strain were used for these studies. The bacteria (3 x 10°)
were heat-killed and incubated with 5 x 10° PMN, specific 1gG-antibody (8.5 mg/ml) and/or
Curosurf (4 mg/ml) on ELISA plates. Commercially available non-specific rabbit IgG and

normal saline were used as controls. Oxygen metabolite production was estimated by the
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nitroblue tetrazolium reduction test. Colourless NBT is reduced by the superoxide anion to
dark blue formazan, which can be measured spectrophotometrically (for details see paper I).

3.6 INFLUENCE OF SURFACTANT ON IN VITRO BACTERIAL GROWTH

Bacteria were precultured and washed in saline as described in Figure 3 and inoculated in
sterile saline or a nutrient medium (Standard 1-Nahrbouillon, Merck, Darmstadt, Germany).
Proliferation was determined without and with 1 mg, 10 or 20 mg/ml of surfactant. The
samples were incubated under agitation (Shaking incubator, New Brunswick Scientific,
Edison, NJ, USA) for 5 h. Aliquots (0.5 ml) were taken, serially diluted and spread on blood

agar plates. After 24 h incubation colony counting was performed (Figure 3).

GBS-strain stored at - 70° C

\

overnight 3 h culture
culture

Centrifugation, washing,
spectrophotometric
adjustment of optical density

N v
GBS suspension Surfactant (0, 1, 10 or 20 mg/ml)
. Incubation
NaCl 0.9%—> W, (under agitation for 5 h at 37°C)
\/_\ NN NN

Serial dilution

Incubation (24 h) | “‘ Colczg/:lj?rﬁlr;tmg

Figure 3: Schematic drawing of culturing of GBS and determination of bacterial growth



17

3.7 ANIMAL EXPERIMENTS

3.7.1 Animals

Pregnant New Zealand White rabbits were obtained from local suppliers. Rabbit fetuses were
delivered by Caesarian section at a gestational age of 29.5 days (papers Il, IV and V) or 28
days (paper IlI). Term gestation for rabbits is 30 to 31 days. At 29.5 days the animals have
nearly mature lung function, as measured by dynamic compliance (Sun et al. 1991).

3.7.2 Experimental protocols

The rabbit fetuses were anaesthetized and tracheotomized at birth and allocated in a random
order to the different treatment groups. In studies Il and Il an empty cannula was inserted
into the trachea, the newborn rabbits were immediately connected to the ventilator circuit and
a muscle relaxant was injected intraperitoneally. GBS or saline was injected intratracheally at
15 min (dose volume: 5 ml/kg body weight (bw)), and in these experiments a subgroup of
animals was sacrificed 1 min following infection to study the number of viable GBS
recovered from the lungs immediately following the inoculation (GBS 1 min). At 30 min the
other animals were given Curosurf (GBS/Curosurf) or saline (GBS/Saline) at a dose volume
of 2.5 ml/kg bw (surfactant dose: 200 mg/kg bw).

In the studies reported in papers IV and V antibody/surfactant mixtures were instilled
immediately into the liquid filled lungs before the onset of breathing. Controls received the
same volume of non-specific rabbit IgG, surfactant or normal sterile saline. At 30 min all
experimental groups received an intratracheal bolus injection of 5 ml/kg bw of the GBS
suspension. Before reconnecting the animals to the ventilator system, the instilled liquid was
moved from the central airways to peripheral airspaces by injecting 3 times 10 ml/kg bw of

air with a microsyringe.

All animals were then transferred to a warmed multi-plethysmograph system as previously
described (Sun et al. 1991). They were ventilated in parallel in sealed plexiglass chambers
with a common ventilator (Servo 900 B) delivering 100% oxygen (Figure 4). The working (=
maximum inspiratory) pressure was set at 50 cm H,O. The frequency was 40 per min, the
inspiration/expiration time ratio 1:1. No positive end-expiratory pressure (PEEP) was applied,

as PEEP might mask differences in compliance due to variations in surfactant function (Rider



18

et al. 1992). The peak inspiratory pressure was recorded with a pressure transducer (EMT 34)
and individually adjusted for each animal to obtain a tidal volume of 6-10 ml/kg bw. Tidal
volume was recorded with a specially designed "Fleisch-tube”, a differential pressure
transducer (EMT 31), an integrator unit (EMT 32), an amplifier (EMT 41) and a recorder
(Mingograf 81; all equipment, Siemens-Elema, Solna, Sweden). Lung-thorax compliance (ml
x kg x cm H,0™) was calculated from the quotient of tidal volume and peak inspiratory
pressure. The animals were ventilated for 5 h. Recordings were obtained at 0, 15, 30, 45, 60,
90, 120, 150, 180, 210, 240, 270 and 300 min. ECG was recorded at the same intervals and
animals were counted as survivors if the heart rate was >100 beats per min without evidence
of arrhythmia or atrioventricular block. At the end of the experiments the rabbits were killed
by intracerebral injection of lidocaine and the chest was opened with sterile instruments after
the diaphragm had been examined for evidence of pneumothorax. Blood from the right
cardiac ventricle was aspirated for blood cultures (Bactec Plus Blood Culture System, Becton
Dickinson, Sparks, MD, USA). A heparinized sample was taken for blood gas analysis.
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Figure 4. Schematic drawing of the set up of the animal experiments

Histologic examination. In study I, the whole left lung was used for bacterial counting
whereas the right was lung was fixed by immersion for histology. In studies Il and V, the left
main bronchus was tied and the left lung was excised, divided in two parts of approximately
equal size by a frontal section and weighed. The peripheral part was placed immediately into

the sterilized tube of a tissue homogenizer (Kontes Scientific Glasware Instruments,
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Vineland, NJ, USA) and stored on ice until further processing, the central part was fixed for

histological examination.

In study IV a different approach was taken that allows to evaluation of lung expansion under
standardized conditions. At the end of the experiment a catheter was tied into the pulmonary
artery. The lungs were opened by inflating them with a transpulmonary pressure of 30 cm
H,O via the tracheal tube. After 60 sec, this pressure was lowered to 10 cm H,O and
maintained throughout the fixation procedure. The right lung was fixed with a mixture of 4%
formaldehyde and 1% glutaraldehyde infused for 30 min into the main pulmonary artery at a
pressure of 65 cm H,O. The lungs were stored in 4% formaldehyde and subsequently

embedded in paraffin.

Transverse sections, stained with haematoxylin-eosin or Gram stain, were examined by light
microscopy with special reference to the presence of intra-alveolar edema, hyaline
membranes, epithelial necrosis, bacterial proliferation and recruitment of inflammatory cells
to the airspaces. Volume density of alveolar gas (Vv) in histologic sections was evaluated
with conventional point counting using total parenchyma as reference volume (Robertson and
Lachmann 1988). The coefficient of variation (CV) of alveolar Vv was calculated by the
standard formula from the mean and the SD. CVVv is a measure of the field-to-field

variability of alveolar expansion.

In all studies the influx of inflammatory cells was estimated using a semiquantative grading
system (paper I). Severe pneumonia was defined as an inflammatory reaction involving more

than 30% of total lung parenchyma.

For all histological examinations the slides were coded so that the investigator was unaware

of the experimental conditions of the individual animals.

Broncho-alveolar lavage (paper V). The right lung remained in situ and was lavaged via the
tracheal cannula. 0.9% saline with heparin (2 U/ml) at room temperature was instilled into the
lungs via the tracheal cannula at a volume of 20 ml/kg bw. This volume was washed in and
out three times, and the procedure was repeated four times with an average recovery of 83 +
9% (no significant differences between the groups). The lavage fluid from each animal was
pooled and centrifuged at 150 g for 10 min. The resulting pellet was collected and saline was
added to obtain a final volume of 1 ml of cell suspension. One hundred pl of this suspension

was stained with Giemsa-Romanowski stain and the cells were counted in a Blirker chamber
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and in a flow cytometer. Cytospin preparations from the rest of the suspension were stained
with May-Griinwald-Giemsa stain and used for differential counting of inflammatory cells
(see cover illustration). The supernatant was stored at —70° C and its protein content was

analyzed (Protein Assay, Bio-Rad Laboratories, Munich, Germany).

Bacterial counting. The weight of the lung specimens was adjusted to 1 g with sterile normal
saline. The samples were homogenized with a high speed (15,000 rpm) nylon microchamber
tissue homogenizer (Sorval® Omnimix, Dupont Instruments, Newton, CT, USA). A serial
dilution was performed and the diluted supensions were spread on blood agar plates. Colony
counting was performed after 24 h incubation (see also Figure 3). As bacterial proliferation
follows a logarithmic growth curve the results were expressed as mean log;o CFU/g lung (wet
weight). The calculated number of CFU given to the rabbit (CFU/rabbit) represents a good
estimate of the number of CFU in the lung of the rabbit (CFU/g lung) at the beginning of the
experiments, as the bacteria were administered intratracheally and the total lung weight of a
term rabbit is about 1 g. We observed a very close correlation between the number of GBS
instilled into the airways and the number of live bacteria detected in the left lung of animals
sacrificed 1 min following intratracheal infection (see Figure 1 in paper Il). A positive
difference between CFU/g lung after 5 h of ventilation and CFU/rabbit at the beginning of the
experiment thus indicates bacterial growth, a negative difference a decrease in the number of

viable bacteria in lung homogenates.

3.7.3 Ethical approval

The study design and the management of the animals complied with national legislation and
the rules of the Karolinska Institute. The trial protocols were approved by the local ethics

committee for animal research (Stockholm Norra Forsoksdjursnamnd).

3.8 STATISTICAL ANALYSIS

Experimental data are given as mean = SD or median and range. Values for lung weight and
physiological data were subjected to analysis of variance (ANOVA) using the CRISP
software programme (Crunch Software, San Francisco, CA, USA). Between-group
differences were evaluated by Student-Newman-Keuls™ test. Differences in the incidence of

complications between the groups were analysed with the x? test. The limit level of statistical
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significance was defined as p = 0.05. Graphs were produced with the software programs
Graph Pad Prism, Microsoft Graph and Microsoft Excel.

3.9 CLINICAL STUDY ON THE EFFECTS OF SURFACTANT TREATMENT IN GBS
INFECTED NEONATES

The prospective study started in May 1993 and was continued until April 1998. In addition,
we asked for retrospective evaluation of surfactant treated, GBS infected babies from 1987
onwards. Data from 28 European centers (see Appendix of paper VI) were collected using a
standardized case record form requesting information on pregnancy complications, laboratory
and radiological findings, gas exchange and ventilatory parameters before and after surfactant
replacement as well as outcome parameters. For definition of outcome variables and disease
severity we used the same diagnostic criteria as previously applied in trials organized by the
Collaborative European Multicenter Study Group (Collaborative European Multicenter Study
Group 1988, Speer et al. 1990, Speer et al. 1992, Speer et al. 1995).

Study group. Infants eligible for the study had to fulfill the following criteria:

» GBS infection verified by bacterial culture
* Clinical and/or laboratory signs of acute inflammatory disease
» Respiratory failure requiring mechanical ventilation

e Surfactant treatment

Infants with severe malformations or evidence of GBS infection only by immunological

methods (latex agglutination tests) were not included.

Control group. From the data base of previous clinical trials of surfactant replacement therapy
organized by the Collaborative European Multicenter Study Group a non-infected control
group of 236 neonates was recruited. The selected infants were treated with surfactant for
severe RDS, but did not demonstrate signs of pneumonia or septicaemia in the first week of
life. Main parameters evaluated were oxygen requirement, ventilator settings and incidence of

complications.

Statistical analysis. The documentation of study variables (i.e. characterization of infants,

ventilatory parameters, and outcome) in the previous studies was similar to that in the present
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investigation which enabled us to pool the data. Descriptive statistical methods were used to
characterize the distribution of relevant variables in the GBS group. Imbalances between the
GBS and the non-infected control group with respect to the distribution of some variables -
resulting from the eligibility criteria for recruiting infants to the clinical trials - were
accounted for in the statistical analysis. The comparison of outcome data between the GBS
and the non-infected control group was performed using the recently described propensity
score adjustment technique (Roosenbaum et al. 1994, D" Agostino 1998). This statistical
method allows efficient control for imbalances in prognostic variables between two non-
randomized groups. In our situation, the propensity score adjustment was applied to account
for the effects of different distribution of confounding variables. Adjustments were made for
sex, gestational age, birthweight, FiO, before therapy, and Apgar score at 5 min. All of these
variables have been shown to influence the outcome of infants in previous surfactant trials
(Herting et al. 1992).

Results of this analysis are reported as estimated odds ratios (OR) that indicate in our case the
relative increase in outcome risk for GBS infected infants as compared to non-infected
controls receiving surfactant treatment for RDS. Asymptotic 95% confidence intervals
accompany the OR to give an impression about the low precision of our risk estimates due to
the relatively small sample size. All statistical analyses were performed with the statistical
program SAS (Version 6.12, SAS Institute Inc., Cary, NC, USA).



23

4. RESULTS AND COMMENTS
4.1 Studies on neutrophil function

Influence of surfactant on oxygen metabolite release by PMN. Surfactant (Curosurf) at a
concentration of 4 mg/ml suppressed the resting activity of unstimulated PMN significantly
(Figure 5). The non-encapsulated strain GBS HD significantly stimulated PMN in the absence
of specific antiserum, whereas the encapsulated phase variant (GBS LD) needed opsonization
by a specific antiserum. However, when the PMN were stimulated by GBS and the polyclonal
anti-GBS antibody the increase in oxygen metabolite release was not inhibited by surfactant
(Figure 5).
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+non-spec. +spec.IgG +spec. IgG
I9G +Surfactant

Figure 5:  Oxygen metabolite release from polymorphonuclear neutrophilic granulocytes
(PMN) stimulated by encapsulated (GBS LD) or non-encapsulated group B
streptococci (GBS HD) as measured spectrophotometrically (ODs4 = optical
density at 540 nm) by NBT-reduction test. GBS LD needed opsonization by specific
antibodies to elicit PMN stimulation. Surfactant does not suppress the antibody
mediated response. The bars represent mean and SD. ** p <0.01; *** p <0.001 vs.
unstimulated PMN.

411 Comments

These findings demonstrate that that the polysaccharide capsule is an important virulence
factor that protects GBS from phagocytosis in the absence of specific antibodies. Significant

stimulation of oxygen metabolite release from PMN occurred only after the encapsulated
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bacteria had been opsonized with specific IgG. In further studies using live bacteria we found
that the observed stimulation of NBT-reduction correlates to bacterial killing of GBS by
isolated PMN. Again Curosurf did not suppress the phagocytosis of opsonized GBS LD by
PMN (Rauprich et al. 1997).

These in vitro studies provided the basis for the animal experimental work in which we mixed
a specific antibody with surfactant in order to facilitate spreading of the antibody in the lungs.
Together with the in vitro studies in the pulsating bubble surfactometer (Figure 1 in paper V)
these results indicate that surfactant can be mixed with a polyclonal antibody without loss of
activity of the antibody as tested by the NBT-reduction test. We were able to demonstrate that
IgG at low concentrations did not interfere with the surface activity of Curosurf. In
consequence, it seems possible to use surfactant as a “carrier for an anti-GBS

immunoglobulin (paper V).

4.2 In vitro studies on bacterial growth

Effects of Curosurf on the growth of GBS. Curosurf decreased bacterial growth significantly
in a dose dependent manner. The effects of Curosurf on the encapsulated GBS LD variant
were less prominent than on the non-encapsulated GBS HD strain (Figure 6). At
concentrations =10 mg/ml a highly significant reduction in the number of live bacteria was

observed after 5 h incubation with Curosurf.

Effects of Curosurf on the growth of E. coli and S. aureus. In constrast to the findings with
GBS, we observed no distinct effects of Curosurf on the in vitro growth of E. coli. We found

slight promotion of the growth of S. aureus in Curosurf (Figure 6).

GBS LD GBS HD S. aureus E. coli I saline

1 mg/ml
B2 10 mg/ml
I 20 mg/ml

Figure 6: Effects of Curosurf on bacterial growth (** p <0.01 vs. saline)
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421 Comments

Bacterial growth in the presence of surfactant is strongly influenced by the microbial species
used. Although we observed strong effects of Curosurf on GBS, no bactericidal effects were
seen with S. aureus or E. coli. When comparing different surfactant preparations (Alveofact
(bovine), Survanta (bovine), Exosurf (synthethic, protein-free) and Pumactant (synthetic,
protein-free)) we found significant promotion of bacterial growth only for E. coli in the
presence of Survanta. No other surfactant reduced the growth of GBS to a similar extent as
Curosurf (Herting et al. 1998). The observed differences may be explained by differences in
the compsoition of the surfactant preparations. In addition, bacteria surrounded by a capsule
(GBS LD and E. coli) were more resistant to growth inhibition by surfactant, indicating that
the capsule might protect the bacterial cell wall from the influences of the phospholipids.
However, surfactant promoted the growth of S. aureus, a bacterium that is able to catabolize

surfactant lipids by means of phospholipases.
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4.3  ANIMAL STUDIES
4.3.1 Rabbit model of experimental neonatal GBS pneumonia

Using intratracheal injection of the encapsulated GBS strain 090 la LD we were able to elicit
severe pneumonia and septicaemia in ventilated rabbits within a period of 5 h (Figure 7).
Several other wild types of GBS, isolated from infants with septicaemia were found to be less
pathogenic. The non-encapsulated variant did not provoke pneumonia or bacterial
proliferation in the rabbit model. To induce pneumonia within 5 h more than 10’ CFU/ml had

to be injected intratracheally (Herting et al. 1995).

Figure 7:

“ Severe pneumonia with
atelectasis, oedema and
hyaline membrane

' formation in a GBS
infected rabbit, ventilated
for 5 h. Note the influx of
| inflammatory cells,
especially PMN, into the
airways. Haematoxylin-

43.11 Comments

The intratracheal injection closely mimics an ascending infection, a situation that is
commonly found in GBS infected neonates. Other authors have used aerosol administration
(Sherman et al. 1988) or injected bacteria into the trachea with a fine needle (van t"Veen et al.
1996). As these other studies were conducted in less sick, spontaneously breathing animals,
evaluation of lung function was not possible. On the other hand, non-ventilated animals can
be observed for longer periods. Our model mimics the situation of severe infection in a

ventilated patient receiving surfactant treatment.
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4.3.2 Effects of surfactant on bacterial growth, lung function and
inflammatory reaction in experimental GBS pneumonia

When the number of CFU in lung homogenates from animals that were killed one minute
following the intratracheal injection (GBS/1min) was compared with the number of CFU/g
lung after 5 h of ventilation significant bacterial proliferation was observed both in term and
preterm rabbits. As a logarithmic scale was used, the increase in number of CFU/g lung was
more than tenfold during the period of observation (Figure 8). In surfactant treated animals
we found significantly reduced bacterial numbers in lung homogenates as compared to
infected animals treated with saline. This was true for rabbits both with gestational age of 28
and 29.5 days. Bacterial growth was more rapid in the 28 d gestation rabbits, especially when
considering the fact that not all of the immature animals survived for 5 h. Mean survival time
was only about 3 h for these animals. No significant differences in survival time were

observed between the groups.

== GBS 1 min

11- E==3 GBS-Curosurf Figure 8:

GBS-Saline Bacterial proliferation in lung
homogenates in preterm (28 d)
and near-term (29.5 d) newborn
rabbits (mean + SD).

Significant bacterial proliferation
was observed in all GBS infected
ventilated rabbits as compared
to the beginning of the
experiments (GBS 1 min).
Significantly less bacteria were
found in lung homogenates of
surfactant treated animals

(* p <0.05 vs. GBS-Saline).
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Deterioration of dynamic compliance was observed in infected premature rabbits not
receiving surfactant. At 180 min (the mean survival time) compliance was significantly higher

in the GBS infected surfactant treated rabbits than in saline treated controls (Figure 9).
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Figure 9: Lung-thorax compliance (mean + SD) of premature newborn rabbits (28 d) in
different experimental groups at 180 min after the onset of ventilation. Surfactant-
treated animals had significantly higher compliance values than the other groups
(* p <0.05 vs. GBS-Saline).

On histological examination inflammatory changes tended to be less prominent in surfactant
treated animals (see Table 3 in paper Ill). However, this difference did not reach the limit

level of statististical significance.

43.2.1 Comments

Surfactant treatment of GBS infected immature rabbits improved lung function and mitigated
bacterial growth in our experiments. These findings illustrate that secondary surfactant
deficiency is involved in the pathophysiology of GBS pneumonia, especially in preterm
neonates. Although the mechanisms responsible for the reduced bacterial proliferation
following surfactant treatment are as yet unclear, it seems likely that improved lung function
and prevention of atelectasis are important factors permitting effective mucociliary clearance
of inhaled bacteria from the airways. Based on the in vitro observations, we furthermore
speculate that surfactant lipids exert a direct bacteriostatic effect at high phospholipid
concentrations. Surfactant probably also acts by prevention of oedema formation caused by

epithelial disruption.

In a separate study, not included in this thesis, we found that tissue activity of free elastase, a
key proteolytic enzyme of PMN, was reduced in lung homogenates from surfactant treated
GBS infected rabbits as compared to saline treated controls (Herting et al. 1996). This

corollary finding might indicate a "down-regulation™ of the inflammatory response in the
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lung, and is consistent with the data from our in-vitro experiments on isolated PMN exposed
to GBS and surfactant (paper I).

4.3.3 Effects of surfactant protein A

Although SP-A is clearly less important for adequate surface activity than SP-B and SP-C, the
protein seems to play an essential role in host defence, regulation of surfactant recycling and
as a factor increasing resistance of surfactant to inhibition by plasma proteins (Cockshutt et
al. 1990). Data from our previous animal studies on non-infected rabbits indicate that
inactivation of endogenous SP-A with the same monoclonal antibody used in the present
experiments increases the sensitivity of surfactant to inhibition by fibrinogen (Strayer et al.
1996).

In the present experiments, administration of anti-SP-A antibody to GBS infected rabbits had

no effect on lung function (see Figure 2 in paper IV) or bacterial growth (Figure 10).
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- -1 Figure 10:

Bacterial proliferation (mean
+ SD) in lung homogenates
from GBS infected near-term
newborn rabbits exposed to
saline, non-specific IgG or
monoclonal anti-SP-A
antibody.

Saline 19G anti-SP-A
n=14 n=11 n=14

4331 Comments

Blockage of endogenous SP-A with the monoclonal antibody had no effect on bacterial
proliferation in GBS infected aninals. We have also tested surfactant preparations containing
SP-A in our GBS-pneumonia model and found that the presence of SP-A did not further
mitigate bacterial proliferation. Animals treated with a natural porcine surfactant containing
SP-A or Curosurf enriched with 2% of SP-A had a similar number of bacteria in lung
homogenates as those treated with Curosurf containing no SP-A (Herting et al. 1995). It has
been shown that SP-A stimulates a variety of functions of alveolar macrophages (for review

see: Wright 1998). In the normal adult lung the alveolar macrophage is the predominant
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inflammatory cell in bronchoalveolar lavage fluid. Under our experimental conditions we
observed a strong influx of PMN (see Table 2 in paper V). As newborn rabbits are relatively
deficient in alveolar macrophages during the first few days of life (Zeligs et al. 1984), PMN
may act as “the second line of defence” (Hall and Sherman 1992). Our negative findings
using the monoclonal anti-SP-A antibody may indicate that normal host defence mechanisms
were “overwhelmed” by the large number of bacteria administered into the airways in our

experiments.

4.3.4 Combined treatment with surfactant and specific immunoglobulin

Neonates suffering from GBS infections often lack type specific opsonising antibodies. We
therefore studied the influence of combined intratracheal treatment with surfactant and a
specific antibacterial polyclonal antibody (IgG fraction) on bacterial proliferation and lung
function in experimental GBS pneumonia. After 5 h of ventilation the mean estimated
increase in bacterial number (logio colonies per g) in lung homogenates was 0.76 in the
Antibody-, 0.92 in the Non-specific IgG-, 0.55 in the Surfactant- and 1.29 in the Saline-group
(Figure 11). A mean decrease in bacterial number (- 0.05) was observed in the group that
received combined treatment with surfactant and antibody (p <0.05 vs. all other groups). In
addition, lung-thorax compliance was significantly higher in surfactant treated animals (see

Figure 4 in paper V).

Figure 11:
1 — log CFU/rabbit (beginning) Bacterial proliferation in left lung
] homogenates expressed as logg
I 0g CFU/g left lung (end) colony forming units (CFU) per g
lung tissue sampled from
104 different groups of animals at the
end of the experiments (black
H wk bars). There is significant
CQ *xk reduction in bacterial growth in
g 99 the Surfactant group (** p <0.01
¢ vs. Saline group) and in the
L 1 T L L Surfacant + Specific-IgG group
(*** p <0.001 vs. Saline group). A
similar number of CFU was given
to all animals at the beginning of

Spec. IgG Nonspec. IgG Saline Surfactant Surfactant the experiment (white bars).
+spec. IgG Values are mean and SD.

4341 Comments

We conclude that in experimental neonatal GBS pneumonia combined treatment with

surfactant and a specific immunoglobulin against GBS reduced bacterial proliferation more
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effectively than either treatment alone. The design of our experiments did not allow
distribution studies on either surfactant apoproteins or antibacterial antibodies. However,
Kharasch et al. (1991) demonstrated a more even distribution of radioactive sulfur colloids in
hamster lungs when the material was mixed with surfactant. We therefore suggest that in our
experiments surfactant may have served as a carrier, promoting distribution of
immunoglobulins (Hill et al. 1992, Weisman et al. 1992, Weisman et al. 1993) to the sites of

bacterial proliferation and inflammation in terminal air spaces.

4.4 SURFACTANT TREATMENT OF NEONATES WITH RESPIRATORY FAILURE
AND GBS INFECTION

The study comprised 118 babies with respiratory failure, clinical and/or laboratory signs of
acute inflammatory disease, and GBS infection proven by culture results. Median birth weight
in the study group was 1468 g (25th - 75th percentile: 1015 - 2170 g), median gestational age
30 weeks (27 - 33 weeks). Thirty-one percent of the infants weighed >2000 g. Median age at
surfactant treatment was 6 h. The mean initial surfactant dose was 142 mg/kg (SD 53). Ninety
of the infants were treated with Curosurf, 13 with Survanta, 12 with Alveofact and 3 with

Exosurf. 52 % of infants received more than one dose of surfactant.

Within one hour of surfactant treatment median FiO, was reduced fi rigyre 12 a-d:
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The incidence of complications in the study group (mortality: 30%, pneumothorax: 16%,
intracranial haemorrhage: 42%) was high compared to infants with RDS. Significantly fewer
GBS infected neonates survived without intracranial haemorrhage or chronic lung disease
(Figure 13).
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Pneumothorax 1 = 1
Patent ductus ~ *3° 06 1401
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In oxygen at 28 days — — ‘\
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oxygen at 28 days f U —
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Figure 13: Adjusted risk (Odds ratio, 95% confidence interval) for selected outcome variables
of GBS infected infants as compared to non-infected controls with RDS.

441 Comments

We conclude that surfactant therapy improves gas exchange in the majority of patients with
GBS pneumonia. The reponse to surfactant is slower than in babies with RDS and repeated
surfactant doses are often needed. The mortality and morbidity are substantial considering the

relatively high mean birth weight of the treated infants.
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5. GENERAL DISCUSSION

5.1 INFLUENCE OF SURFACTANT ON PMN FUNCTION

It has been shown that the inflammatory response to GBS in the neonatal lung is modulated
by a variety of factors, including lung surfactant (Baker 1997). A depressing effect of
phospholipids on various PMN functions has been observed by earlier investigators (Speer et
al. 1991, Chao et al. 1995, Tegtmeyer et al. 1996). In our studies we found a decreased
release of oxygen metabolites when non-stimulated PMN were incubated with Curosurf at a
dose of 4 mg/ml. However, when the PMN were stimulated with GBS and a specific antibody
no such inhibitory effect was found. These observations indicate that the surfactant lipids play
an important role in the regulation of the inflammatory response in the mammalian lung. The
enormous alveolar surface of the lung is exposed to contact with millions of inhaled particles
and microorganisms each day. The coating of these particles with a lipid film might prevent
an inflammatory response. Recent studies indicate that surfactant might indeed be of

importance in the prevention of airway hyperreactivity (Wang et al. 1996).

Increased bacterial proliferation following surfactant treatment of pneumonia has been
discussed previously as possible side effect of an elevated intraalveolar phospholipid load
(Sherman et al. 1988), but our present data indicate no such interference with the bactericidal

capacity of a stimulated immune system.

5.2 INFLUENCE OF SURFACTANT ON IN VITRO BACTERIAL GROWTH

Several investigators have evaluated the influence of lung lavage fluid, lipid extract or
commercially available surfactant preparations on bacterial growth (for review see: Bartmann
1998). The results are conflicting, as might be expected since many different bacterial strains
and various surfactant preparations at different concentrations were applied. Initial studies
used complete bronchoalveolar lavage fluid rather than extracted surfactant (La Force et al.
1973, O'Neill et al. 1984, Jonsson et al. 1986). In most of these studies phospholipid
concentrations below 10 mg/ml were investigated. In our studies we found a maximum
inhibitory effect of surfactant on the growth of GBS at the highest concentration studied (20
mg/ml). In fact this finding might be of clinical relevance as surfactant accumulates in the
alveolar hypophase at concentrations well above this level (Kobayashi and Robertson 1983).
Assuming an endogenous surfactant pool size of 10 (premature infant with RDS) to 100
mg/kg bw (term infant) and a content of lung liquid of about 30 ml/kg bw at birth (Hallman et
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al. 1986, Stevens et al. 1987, Kobayashi et al. 1990), the recommended replacement doses of
surfactant (100-200 mg/kg bw) would result in an estimated average phospholipid
concentration of 3-10 mg/ml already before resorption of fetal lung liquid. The mechanisms
behind the bactericidal effects of Curosurf at high concentrations are yet unclear. The fact that
Curosurf reduced bacterial growth especially in the non-encapsulated phase variant of GBS
suggests that the phospholipids, possibly in conjunction with the hydrophobic proteins, might
interact directly with the bacterial cell wall. The polysaccharide capsule of GBS LD might
have protected the cell membrane to some extent. Recently, the possible role of antibacterial
peptides (e.g. prophenin) probably also contained in modified porcine surfactant preparations
has been discussed (Harwig et al. 1995). Significant differences in the effects on bacterial
growth were observed between different surfactant preparations and different bacterial strains
by other investigators (Sherman et al. 1994, Neumeister et al. 1996). Furthermore, amongst
the recent studies there is no indication that surfactant replacement might promote bacterial
growth thereby endangering infants who receive surfactant treatment for bacterial

pneumonia.

5.3 INFLUENCE OF SURFACTANT TREATMENT IN EXPERIMENTAL NEONATAL
GBS PNEUMONIA

We established a new animal model of neonatal GBS pneumonia in term and preterm rabbit
newborn rabbits. Using a concentrated inoculum of precultured, abundantly encapsulated
GBS injected into the trachea of experimental animals we were able to induce severe
pneumonia, septicaemia and respiratory failure in ventilated newborn rabbits within 5 h
following GBS infection. Surfactant treatment mitigated bacterial growth and improved lung
function in immature ventilated GBS infected rabbits. These data seem to contradict earlier
observations by Sherman et al. (1988) obtained with a different model, using aerolised GBS
as the infectious inoculum. However, in a recent similar study by the same group there was no
increased bacterial growth in surfactant treated animals (Sherman et al. 1994). Besides a
direct effect of surfactant on bacteria, we speculate that improved lung function and
prevention of atelectasis are important for adequate mucociliary clearance of microorganims
invading the airways. In the recent literature improved lung function following surfactant
replacement has been reported in a variety of ARDS-like inflammatory conditions, including
bacterial (E. coli, Song et al. 1996), viral (Influenza A, Van Daal et al. 1991, Van Daal et al.
1992) and protozoal (Pneumocystis carinii) pneumonia (Eijking et al. 1991). In most of these
animal studies only lung function was evaluated. In our studies we found a mitigated

inflammatory response as indicated by milder inflammatory changes in histological lung
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sections and lower lung tissue levels of free elastase in surfactant treated animals. These
findings fit the concept that surfactant may "down-regulate” inflammatory processes in the
lung (Speer et al. 1993), either by a direct effect or as a consequence of reduced bacterial

proliferation.

54 INFLUENCE OF SURFACTANT PROTEIN A IN EXPERIMENTALLY INDUCED
NEONATAL GBS PNEUMONIA

To study the importance of SP-A for lung defence mechanisms we administered a monoclonal
anti-SP-A antibody to near-term newborn rabbits. Inactivation of endogenous SP-A did not
result in any measurable acute deterioration in lung function. However, when fibrinogen was
given to animals that were pretreated with the same monoclonal antibody a significant drop in
compliance occurred (Strayer et al. 1996). These findings are consistent with the concept that
SP-A increases resistance of surfactant to inhibition by plasma proteins as described
previously (Cockshutt et al. 1990, Sun et al. 1997). After blockage of endogenous SP-A with
this antibody we did not observe any significant differences in bacterial proliferation in GBS
infected newborn rabbits, as compared to infected controls receiving saline or non-specific
IgG. In agreement with our results, recent studies on gene targeted, SP-A deficient mice
demonstrated largely normal lung function, although young adult SP-A knock-out mice were
more susceptible to infections with GBS (LeVine et al. 1997) or Pseudomonas aeruginosa
(LeVine et al. 1999). This seems to contradict our present finding that bacterial proliferation
was unaffected in GBS infected animals pretreated with the monoclonal anti-SP-A antibody.
However, in case of air-borne infections in adult, spontaneously breathing experimental
animals alveolar macrophages are primarily attracted to the lungs. SP-A is a potent stimulator
of alveolar macrophage function but no such effects have been reported for PMN. When a
large dose of bacteria is inoculated in the airways of newborn rabbits as in the present studies,
the acute inflammatory reaction is dominated by PMN and therefore relatively independent of
SP-A.

55 COMBINED TREATMENT OF GBS PNEUMONIA WITH SURFACTANT AND A
SPECIFIC IGG ANTIBODY

Infants of mothers who lack type specific antibodies to the GBS polysaccharide capsule are
especially prone to severe infections (Baker et al. 1976). Thus active and passive
immunization against GBS has been proposed (Baker et al. 1988, Schuchat et al. 1996,
American Academy of Pediatrics: Committee on Infectious Diseases and Committee on Fetus

and Newborn 1997). Our study (paper V) was designed to test the hypothesis that combined
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intratracheal treatment with surfactant and a specific antibacterial immunoglobulin (IgG)
would further improve lung function and mitigate bacterial proliferation in experimental
neonatal GBS pneumonia. Combined treatment with surfactant and the antibody was shown

to be more effective than either treatment alone.

It seems likely that simultaneous instillation of surfactant facilitates spreading of drugs in the
peripheral airspaces, as previously shown for radio-labelled sulfur colloids administered via
the airways together with surfactant (Kharash et al. 1991). Other investigators documented
the effectiveness of surfactant as a vehicle for a variety of pharmacological substances
including antibiotics (van t"Veen et al. 1995, van t"Veen et al. 1996), lysozyme (Sherman et
al. 1993), antioxidants (Walther et al. 1995) and corticosteroids (Fajardo et al. 1998). A
recent paper describing the use of surfactant as a carrier for an adenovirus vector (Katkin et
al. 1997) investigated the possible use of surfactant in gene therapy.

Antibodies against proinflammatory cytokines (e.g. tumor necrosis factor alpha, Givner et al.
1995) or receptor antagonists (e.g. interleukin-1 receptor antagonist, Vallette et al. 1995) may
be mixed with surfactant in the future. The protective role of interleukin-10 has recently been

demonstrated in GBS infected mice (Cusomano et al. 1996).

Intravenous administration of antibiotics is standard treatment for neonates with respiratory
distress until bacterial infection can be ruled out by means of negative cultures. However,
with conventional treatment drug levels might be low in the alveolar spaces and bacterial
resistence against antibiotics is a widespread clinical problem, especially in adults. Bacteria
opsonized by specific 1gG antibodies are phagocytized and consequently killed intracellularly.
This is a potential advantage as bacterial toxins or cell wall components of extracellularly
killed microorganisms can cause severe adverse systemic reactions such as endotoxin shock
or pulmonary hypertension (Covert et al. 1993, Schreiber et al. 1992). In patients affected by
severe pneumonia, topical immunoglobulins might therefore serve as an adjunct to standard

antimicrobial therapy.

We conclude from our studies that combined treatment with surfactant and a specific anti-
bacterial antibody improves lung function and mitigates bacterial growth in experimental
GBS pneumonia in ventilated newborn rabbits. The possible role of surfactant as a "vehicle"”

for various drugs administered via the airways deserves further evaluation.
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5.6 SURFACTANT TREATMENT OF NEONATES WITH RESPIRATORY FAILURE
AND GBS INFECTION

Most neonates with systemic or pulmonary GBS infection have respiratory symptoms (Ablow
et al. 1976, Weisman et al. 1992). Data from our animal experiments indicate that respiratory
failure in neonatal GBS pneumonia may at least in part be due to surfactant deficiency (paper
I). There is also anecdotal evidence from small uncontrolled clinical trials (Herting et al.
1989, Auten et al. 1991, Khammash et al. 1993, Gortner et al. 1993) and a recent multicenter
study (Lotze et al. 1998) indicating that surfactant treatment can improve gas exchange in

babies with neonatal pneumonia.

In our study on GBS infected neonates suffering from severe respiratory failure we were able
to demonstrate a significant improvement in gas exchange following surfactant treatment. The
design of the study did not allow conclusions about possible effects of surfactant therapy on
mortality or rate of other complications. Unfortunately, it is not possible to study the effects
of surfactant for treatment of GBS pneumonia in a prospective, randomized, controlled trial.
Although leucocytopenia, increased number of immature neutrophils (I/T-ratio >0.17) and
elevated serum C-reactive protein develop in the majority of cases within the first 24 h, no
diagnostic features can distinguish with certainty beween "idiopathic” RDS and pneumonia in
a premature baby within the first hours after birth, i.e. at the time when surfactant therapy
should be considered. Moreover, in a premature baby both lung immaturity and pulmonary or
systemic infection might contribute to the severity of respiratory failure. As surfactant
improves gas exchange and survival in babies with immature lungs, it would be unethical to
perform a controlled randomized study withholding surfactant treatment from the control
group. In babies with RDS a good response to surfactant treatment corresponds to a low
complication rate (Herting et al. 1992, Kuint et al. 1995).

When we compared the response to surfactant treatment of a group of non-infected neonates
receiving surfactant treatment for severe RDS, a higher percentage of non-responders, a
slower reduction in oxygen demand and an increased incidence of complications were
observed with the GBS infected patients. Possibly a higher dose of surfactant and earlier
treatment might have improved these results. In a recently published study of surfactant
therapy for meconium aspiration syndrome initiated before the age of 6 h, a significant
improvement in oxygenation was observed after a cumulative dose of 300 mg/kg bw (Findlay
et al. 1996). An initial surfactant dose of 300 mg/kg bw was also used successfully in adult

patients with ARDS triggered by septicaemia (Walmrath et al. 1996). Early treatment with



38

large doses of surfactant may be required to overcome the presence of intraalveolar surfactant
inhibitors in this category of patients in order to prevent ventilator induced lung injury.
Preliminary clinical data indicate that surfactant might also improve gas exchange in infants
with ARDS-like disorders occurring after the neonatal period due to infection with
pneumocystis carinii, chlamydia or respiratory syncytial (RS) virus (Harms and Herting 1995,
Slater et al.1995).

We conclude that surfactant replacement, if necessary with high and repeated doses, improves
gas exchange in term and preterm neonates with respiratory failure due to GBS infection.
However, in view of the high mortality and morbidity of the disease, prevention strategies, in
the future hopefully including vaccination of pregnant women against GBS (Baker 1997,
Schuchat et al. 1996), remain of prime importance. In the coming years new synthetic
surfactant preparations will probably be designed to enhance bacteriostatic effects and
maximize resistance to inhibition by plasma proteins leaking into the airways during the

course of bacterial pneumonia.



39
6. SUMMARY

Background. Surfactant dysfunction is probably involved in the pathophysiology of neonatal
pneumonia. It has been known for years that neonatal pneumonia caused by group B
streptococci (GBS) can mimic respiratory distress syndrome (RDS). Surfactant therapy has

become standard treatment for RDS in the last decade.

The aim of the present studies was to evaluate efficacy and safety of surfactant replacement
therapy for term and preterm neonates with severe respiratory failure due to GBS infection.
We investigated the effects of surfactant on growth of GBS and on oxidative metabolism of
polymorphonuclear neutrophilic granulocytes (PMN) stimulated with GBS, and developed an
animal model of GBS pneumonia for studies on lung function, inflammatory response and

bacterial proliferation in lung tissue.

Paper 1. We evaluated the effects of modified porcine surfactant (Curosurf) on the oxygen
radical release from PMN using the nitroblue tetrazolium (NBT) reduction test. Surfactant
reduced NBT-reduction by resting PMN. In contrast, when PMN were stimulated with
encapsulated GBS and a specific antibody no suppression in the release of reactive oxygen
species from PMN could be observed following incubation with surfactant. It appears that
surfactant might act in part by "down-regulating” the inflammatory response. These properties
of surfactant are probably important as the enormous alveolar surface is exposed to millions
of inhaled antigens each day. However, our data provide no evidence of impairment of PMN
function by surfactant in an immune system stimulated by bacteria and specific antibodies.
Thus it is likely that surfactant modulates the host defence system in such a manner as to
permit a response during GBS infection while moderating the response of less serious

invaders.

Paper Il. As bacteriostatic properties of surfactant may be an important component of the
non-specific host defence system of the mammalian lung, we designed an animal model of
GBS pneumonia to test the effects of surfactant treatment in tracheotomized, ventilated, near-
term newborn rabbits with a gestational age of 29.5 days. Intratracheal injection of a high
dose of GBS led to an acute inflammatory lung injury mimicking the natural course of
ascending infections in human neonates. In this model we found reduced bacterial
proliferation following instillation of exogenous surfactant as compared to controls receiving

saline. This indicates that surfactant may function to alter bacterial infectivity.
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Paper 111. A similar experimental model was applied to preterm newborn rabbits with a
gestational age of 28 days. As in near-term animals we observed reduced bacterial
proliferation in the surfactant-treated group. In addition, lung function was significantly

improved in preterm rabbits with GBS pneumonia receiving surfactant treatment.

Paper 1V. The surfactant associated protein A (SP-A) stimulates the phagocytosis of bacteria
by alveolar macrophages and is believed to play an important role in the pulmonary
antimicrobial defence system. However, inactivation of SP-A by a monoclonal antibody did
not influence bacterial proliferation in our model. Our findings seem to contradict recent
observations by others showing increased susceptibility of genetically SP-A deficient mice to
GBS infection. However, it is thought that SP-A does not stimulate the phagocytosis of
bacteria by PMN which in our study represented more than 80% of inflammatory cells in
bronchoalveolar lavage fluid from animals with acute GBS pneumonia.

Paper V. A possible way to reduce mortality and morbidity in severe pneumonia might be
through the use of surfactant as a vehicle for drugs, e.g. antibiotics or specific antibodies. We
were able to demonstrate that simultaneous instillation of surfactant and specific antibodies
against the polysaccharide capsule of GBS reduced bacterial growth in the lungs of GBS
infected newborn rabbits more effectively than either treatment alone. We speculate that this
might be due to a more homogeneous and rapid distribution of the antibodies within the lung.
Admixture of IgG at low doses to surfactant did not influence its biophysical properties as
measured with the pulsating bubble surfactometer or its capacity to improve lung function in

our model.

Paper VI. To evaluate effectiveness of surfactant treatment in neonatal GBS pneumonia, we
assessed oxygen requirements and complication rates in 118 neonates with severe respiratory
failure due to GBS infection. We were able to demonstrate a significant improvement in
oxygenation within 1 h following surfactant instillation. However, the response to exogenous
surfactant was slower than in infants with RDS and more than 25% of infants showed no
significant improvement in oxygenation within 1 h of surfactant treatment. Infants with GBS
infection had a high incidence of complications when compared to neonates receiving
surfactant replacement therapy for RDS. To date, we know of no larger studies on the use of

surfactant to counteract inflammatory lung disease.
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Conclusions. Besides its biophysical properties surfactant is an important constituent of the
pulmonary host defence system. Bacterial pneumonia has recently been identified as a new
potential target for surfactant replacement therapy in neonates, children and adults. In our
animal model we found improved lung function and decreased intrapulmonary bacterial
proliferation in premature GBS infected newborn rabbits following surfactant treatment.
Blockage of endogenous SP-A by a monoclonal antibody did not promote bacterial growth in
experimental neonatal GBS pneumonia. The use of surfactant as a carrier for a variety of
drugs including antibiotics and antibodies for treatment of bacterial pneumonia deserves

further experimental evaluation.



42
7. REFERENCES

Ablow RC, Driscoll SG, Effmann EL, Gross 1, Jolles CJ, Uauy R, Warshaw JB (1976) A
comparison of early onset group B streptococcal neonatal infection and the respiratory
distress syndrome. N Engl J Med 294:65-70

American Academy of Pediatrics (1992) Committee on Infectious Diseases and Committee
on Fetus and Newborn. Guidelines for prevention of group B streptococcal (GBS)
infection by chemoprophylaxis. Pediatrics 90:775-778

American Academy of Pediatrics (1997) Committee on Infectious Diseases and Committee
on Fetus and Newborn. Revised guidelines for prevention of early-onset group B
streptococcal (GBS) infection. Pediatrics 99:489-496

Auten RL, Notter RH, Kendig JW, Davis JM, Shapiro DL (1991) Surfactant treatment of full-
term newborns with respiratory failure. Pediatrics 87:101-107

Avery ME, Mead J (1959) Surface properties in relation to atelectasis and hyaline membrane
disease. Am J Dis Child 97:517-523

Ayers SH, Rupp P (1922) Differentiation of haemolytic streptococci from human and bovine
sources by the hydrolysis of sodium hippurate. J Infect Dis 30:388-393

Baker CJ, Edwards MS, Kasper DL (1976) Correlation of maternal antibody deficiency with
susceptibility to neonatal group B streptococcal infection. N Engl J Med 294:753-756

Baker CJ, Rench MA, Edwards MS, Carpenter RJ, Hays BM, Kasper DL (1988)
Immunization of pregnant women with a polysaccharide vaccine of group B
streptococcus. N Engl J Med 319:1180-1185

Baker CJ, Edwards MS (1995) Group B streptococcal infections; in: Remington JS, Klein JO
(eds) Infectious diseases of the fetus and newborn infant; 4™ ed.. W.B. Saunders
Company, Philadelphia, pp.980-1054

Baker CJ (1997) Group B streptococcal infections. Clin Perinatol 24:59-70

Bartmann P (1998) Immune reactions in the course of surfactant substitution therapy; in:
Wauer RR (ed) Surfactant therapy, 2™ ed.. Georg Thieme Verlag, Stuttgart-New York,
pp.98-111

Bayum A (1968) Separation of leucocytes from blood and bone marrow. Scand J Clin Lab
Invest 21(S):7-29

Brown JH (1939) Double-zone beta-haemolytic streptococci. J Bacteriol 37:133-139

Chao W, Spragg RG, Smith RM (1995) Inhibitory effect of porcine surfactant on the
respiratory burst oxidase in human neutrophils. J Clin Invest 96:2654-2660

Clements JA (1957) Surface tension of lung extracts. Proc Exp Biol Med 95:170-172

Cockshutt AM, Weitz J, Possmayer F (1990) Pulmonary surfactant-associated protein A
enhances the surface activity of lipid extract surfactant and reverses inhibition by blood
proteins in vitro. Biochem 29:8424-8429



43

Cockshutt AM, Possmayer F (1991) Lysophosphatidylcholine sensitizes extracts of
pulmonary surfactant to inhibition by serum proteins. Biochim Biophys Acta 1086:63-
71

Collaborative European Multicenter Study Group (1988) Surfactant replacement therapy for
severe neonatal respiratory distress syndrome: an international randomized clinical trial.
Pediatrics 82:683-691

Covert RF, Schreiber MD (1993) Three different strains of heat-killed group B -haemolytic
streptococcus cause different pulmonary and systemic hemodynamic responses in
conscious neonatal lambs. Pediatr Res 33:373-379

Curstedt T, Johansson J, Robertson B, Persson P, Léwenadler B, Jornvall J (1992) Structure
and function of the hydrophobic surfactant-associated proteins. In: Bevilacqua G,
Parmigiani S, and Robertson B (eds) Surfactant in Clinical Practice. Harwood
Academic Publishers, London, pp.55-60

Cusumano V, Genovese F, Mancuso G, Carbone M, Fera MT, Teti G (1996) Interleukin-10
protects neonatal mice from lethal group B streptococcal infection. Infect Immun
64:2850-2852

D’Agostino Jr. RB (1998) Propensity score methods for bias reduction in the comparison of a
treatment to a non-randomized control group. Stat Med 17:2265-2282

Dillon HC (1985) The history of GBS: The childhood and adolescent years. Antibiot
Chemother 35:1-9

Eijking EP, van Daal GJ, Tenbrinck R, Luijendijk A, Sluiters JF, Hannappel E, Lachmann B
(1991) Effect of surfactant replacement on pneumocystis carinii pneumonia in rats.
Intensive Care Med 17:475-478

Enhdrning G, Robertson B (1972) Lung expansion in the premature rabbit fetus after tracheal
deposition of surfactant. Pediatrics 50:55-66

Enhorning G, Shumel B, Keicher L, Sokolowski J, Holm BA (1992) Phospholipases
introduced into the hypophase affect the surfactant film outlining a bubble. J Appl
Physiol 73:941-945

Fajardo C, Levin D, Garcia M, Abrams D, Adamson | (1998) Surfactant versus saline as a
vehicle for corticosteroid delivery to the lungs of ventilated rabbits. Pediatr Res 43:542-
547

Fetter WP, Baerts W, Bos AP, Van Lingen RA (1995) Surfactant therapy in neonates with
respiratory failure due to bacterial sepsis. Acta Paediatr 84:14-16

Findlay RD, Taeusch HW, Walther FJ (1996) Surfactant replacement therapy for meconium
aspiration syndrome. Pediatrics 97:48-52

Fry R (1938) Fatal infections by haemolytic streptococcus group B. Lancet 1:199-201

Fujiwara T, Chida S, Watabe YJ, Maeta H, Morita T, Abe T (1980) Artificial surfactant
therapy in hyaline membrane disease. Lancet 1:55-59

Givner LB, Gray L, O'Shea TM (1995) Antibodies to tumor necrosis factor-alpha: use as
adjunctive therapy in established group B streptococcal disease in newborn rats. Pediatr
Res 38:551-554



44

Gortner L, Pohlandt F, Bartmann P (1993) Bovine surfactant in full-term neonates with adult
respiratory distress syndrome-like disorders. Pediatrics 92:538 (letter)

Gruenwald P (1947) Surface tension as a factor in the resistance of neonatal lungs to aeration.
Am J Obstet Gynecol 53:996-1007

Hakansson S, Berholm AM, Holm SE, Wagner B, Wagner M (1988) Properties of high and
low density subpopulations of group B streptococci: enhanced virulence of the low
density variant. Microb Pathog 5:345-355

Hakansson S, Granlund-Edstedt M, Sellin M, Holm SE (1990) Demonstration and
characterization of buoyant-density subpopulations of group B streptococcus typ IlI.
J Infect Dis 161:741-746

Hall SL, Sherman MP (1992) Intrapulmonary bacterial clearance of type Il group B
streptococcus is reduced in preterm compared with term rabbits and occurs independent
of antibody. Am Rev Respir Dis 145:1172-1177

Hallman M, Merritt TA, Pohjavuori M, Gluck L (1986) Effect of surfactant substitution on
lung effluent phospholipids in respiratory distress syndrome: evaluation of surfactant
phospholipid turnover, pool size, and the relationship to severity of respiratory failure.
Pediatr Res 20:1228-1235

Harms K, Herting E (1994) Successful surfactant replacement therapy in two infants with
ARDS due to chlamydial pneumonia. Respiration 61:348-352

Harwig SL, Kokryakov VN, Swiderek KM, Aleshina GM, Zhao Ch, Lehrer R1 (1995)
Prophenin-1, an exceptionally proline-rich antimicrobial peptide from porcine
leukocytes. FEBS Letters 362:65-69

Herting E (1989): Surfactant replacement in patients with persistent fetal circulation, hydrops
fetalis and severe interstitial emphysema; in: Speer CP, Robertson B (eds) Proceedings
of the 4™ International Workshop on Surfactant-Replacement, Géttingen, pp.87-91

Herting E, Speer CP, Harms K, Robertson B, Curstedt T, Halliday HL et al. (1992) Factors
influencing morbidity and mortality in infants with severe respiratory distress syndrome
treated with single or multiple doses of a natural porcine surfactant. Biol Neonate 61
(S1):26-30

Herting E, Jarstrand C, Curstedt T, Sun B, Calkovska A, Robertson B (1995) Neonatal
experimental group B streptococcal pneumonia: effects of gestational age, infectious
dose and surfactant treatment on bacterial proliferation and inflammatory response.
Appl Cardiopulm Pathophysiol 5 (S3):58-59 (Abstract)

Herting E, Speer CP, Sun B, Jarstrand C, Curstedt T, Robertson B (1996) Einflu} von
Surfactant auf das pulmonale Entziindungsgeschehen und die Elastasefreisetzung bei
experimenteller neonataler B Streptokokken-Pneumonie. Monatsschr Kinderheilkd
144:1319-1325

Herting E, Rauprich P, Walter G, Robertson B (1998) Influence of porcine modified
surfactant on in vitro growth of bacteria causing pneumonia or sepsis in the neonatal
period. Biol Neonate 74(S1):49 (Abstract)

Hill HR, Kelsey DK, Gonzales LA, Raff HV (1992) Monoclonal antibodies in the therapy of
experimental neonatal group B streptococcal disease. Clin Immunol Immunopathol
62:87-91



45

Holm BA, Keicher L, Liu MY, Sokolowski J, Enhorning G (1991) Inhibition of pulmonary
surfactant function by phospholipases. J Appl Physiol 71:317-321

Hood M, Janney A, Dameron G (1961) Beta hemolytic streptococcus group B associated with
problems of the perinatal period. Am J Obstet Gynecol 82:809-816

Jelinkova J (1977) Group B streptococci in the human population. Curr Top Microbiol
Immunol 76:126-165.

Jobe A, Rider ED (1992) Catabolism and recycling of surfactant; in: Robertson B, van Golde
LMG, Batenburg JJ (eds) Pulmonary Surfactant. Elsevier, Amsterdam, pp.313-337

Johansson J, Curstedt T, Robertson B (1994) The proteins of the surfactant system. Eur
Respir J 7:372-391

Jonsson S, Musher DM, Goree A, Lawrence EC (1986) Human alveolar lining material and
antibacterial defenses. Am Rev Respir Dis 133:136-140

Kéllman J, Kihlstréom E, Sjéberg L, Schollin J (1997) Increase of staphylococci in neonatal
septicaemia: a fourteen-year study. Acta Paediatr 8:533-538

Katkin J P, Husser RC, Langston C, and Welty STE (1997) Exogenous surfactant enhances
the delivery of recombinant adenoviral vectors to the lung. Human Gene Therapy
8:171-185

Khammash H, Perlman M, Wojtulewicz J, Dunn M (1993) Surfactant therapy in full-term
neonates with severe respiratory failure. Pediatrics 92:135-139

Kharasch VS, Sweeney TD, Fredberg J, Lehr J, Damokosh Al, Avery ME, Brain JD (1991)
Pulmonary surfactant as a vehicle for intratracheal delivery of technetium sulfur colloid
and pentamidine in hamster lungs. Am Rev Respir Dis 144:909-913

Kobayashi T, Robertson B (1983) Surface adsorption of pulmonary surfactant in relation to
bulk-phase concentration and presence of CaCl,. Respiration 44:63-70

Kobayashi T, Shido A, Nitta K, Inui S, Ganzuka M, Robertson B (1990) The critical
concentration of surfactant in fetal lung liquid at birth. Respir Physiol 80:181-192

Kuint J, Reichman B, Neumann L, Shinwell ES (1995) Prognostic value of immediate
response to surfactant. Arch Dis Child 71:F170-F173

La Force M, Kelley WJ, Huber GL (1973) Inactivation of staphylococci by alveolar
macrophages with preliminary observations on the importance of alveolar lining
material. Am Rev Respir Dis 108:784-790

Lancefield RC (1933) A serological differentiation of human and other groups of haemolytic
streptococci. J Exp Med 57:571-582

Lancefield RC (1934) A serological differentiation of specific types of bovine haemolytic
streptococci (group B). J Exp Med 59:441-451

LeVine AM, Bruno MD, Huelsman KM, Ross GF, Whitsett JA and Korfhagen TR (1997)
Surfactant protein A-deficient mice are susceptible to group B streptococcal infection.
Immunology 158:4336-4340



46

LeVine AM, Kurak KE, Bruno MD, Stark JM, Whitsett JA, Korfhagen TR (1998) Surfactant
protein-A-deficient mice are susceptible to pseudomonas aeruginosa infection. Am J
Respir Cell Mol Biol 19:700-708

Lotze A, Mitchell BR, Bulas DI, Zola EM, Shalwitz RA, Gunkel JH (1998) Multicenter study
of surfactant (beractant) use in the treatment of term infants with severe respiratory
failure. Survanta in Term Infants Study Group. J Pediatr 132:40-47

Neumeister B, Woerndle S, Bartmann P (1996) Effects of different surfactant preparations on
bacterial growth in vitro. Biol Neonate 70:128-134

Nogee L, Garnier G, Singer L, Dietz H, Murphy A, Cutting G (1994) A mutation in the
surfactant protein B gene responsible for fatal neonatal respiratory disease in multiple
kindreds. J Clin Invest 93:1860-1863

Obladen M (1992) History of surfactant research, in: Robertson B, Van Golde LMG,
Batenburg JJ (eds) Pulmonary surfactant: from molecular biology to clinical practice.
Elsevier Science Publishers, Amsterdam, pp.1-18

O'Neill S, Lesperance E, Klass DJ (1984) Human lung lavage surfactant enhances
staphylococcal phagocytosis by alveolar macrophages. Am Rev Respir Dis 130:1177-
1179

Pattle RE (1955) Properties, function and origin of the alveolar lining layer. Nature 175:1125-
1126

Philip AGS (1994) The changing face of neonatal infection: experience at a regional medical
center. Pediatr Infect Dis J 13:1098-1102

Pison U, Tam EK, Caughey GH, Hawgood S (1989) Proteolytic inactivation of dog lung
surfactant-associated proteins by neutrophil elastase. Biochim Biophys Acta 992:251-
257

Rauprich P, Mdéller O, Walter G, Herting E, Robertson B (1997) Influence of modified
porcine surfactant on in vitro growth and phagocytic killing of group B streptococci.
Biol Neonate 71 (S1):63 (Abstract)

Rider ED, Jobe AH, lkegami M, Sun B (1992) Different ventilation strategies alter surfactant
responses in preterm rabbits. J Appl Physiol 73:2089-2096

Robertson B, Lachmann B (1988) Experimental evaluation of surfactants for replacement
therapy. Exp Lung Res 14:279-310

Robertson B, Kobayashi T, Granzuka M, Grossmann G, Li WZ, Suzuki Y (1991)
Experimental neonatal respiratory failure induced by a monoclonal antibody to the
hydrophobic surfactant-associated protein SP-B. Pediatr Res 30:239-243

Robillard E, Alarie Y, Dagenais-Perusse P, Baril E, Guilbeault A (1964) Microaerosol
administration of synthetic beta-gamma-dipalmitoyl-L-alpha-lecithin in the respiratory
distress syndrome. A preliminary report. Can Med Assoc J 90:55-57

Rosenbaum PR, Robin DB (1994) Reducing bias in observational studies using
subclassification on the propensity score. J Am Stat Assoc 79:516-524



a7

Schreiber MD, Covert RF, Torgerson LJ (1992) Hemodynamic effects of heat-killed group B
R-haemolytic streptococcus in newborn lambs: role of leukotriene D4. Pediatr Res
31:121-126

Schuchat A, Whitney C, and Zangwill K (1996) Prevention of perinatal group B streptococcal
disease: A public health perspective. M M W R 45:1-24

Seeger W, Stohr G, Wolf HRD, Heuhof H (1985) Alteration of surfactant function due to
protein leakage: special interaction with fibrin monomer. J Appl Physiol 58:326-338

Sherman MP, D'Ambola J, Aeberhard E, Barrett CT (1988) Surfactant therapy of newborn
rabbits impairs lung macrophage bactericidal activity. J Appl Physiol 65:137-145

Sherman MP, Hall SL, Johnson JT and Aeberhard EE (1993) Formulating a surfactant
therapy for preterm infants who have bacterial pneumonia and respiratory distress
syndrome. In: Bevilacqua G, Parmigiani S, and Robertson B (eds) Surfactant in clinical
practice. Harwood Academic Publishers, London, pp.103-111

Sherman MP, Campbell LA, Merritt TA, Long WA, Gunkel JH, Curstedt T, Robertson B
(1994) Effect of different surfactants on pulmonary group B streptococcal infection in
premature rabbits. J Pediatr 125:939-947

Slater AJ, Nichali SH, Macrae D, Wilkinson KA, Novelli V, Tasker RC (1995) Surfactant
adjunctive therapy for pneumocystis carinii pneumonitis in an infant with acute
lymphoblastic leukaemia. Intens Care Med 21:261-263

Soll RF (1998) Surfactant treatment of the very preterm infant. Biol Neonate74(S1):35-42

Song GW, Robertson B, Curstedt T, Gan XZ, Huang WX (1996) Surfactant treatment in
experimental Escherichia coli pneumonia. Acta Anaesthesiol Scand 40:1152-1159

Somerson NL, Kontras BS, Pollack JD, Weiss HS (1970) Pulmonary compliance: Alteration
during infection. Science 171:66-68

Speer CP, Harms K, Herting E, Neumann N, Curstedt T, Robertson B (1990) Early and late
surfactant replacement therapy in severe respiratory distress syndrome. Lung 148:870-
876

Speer CP, Gotze B, Curstedt T, Robertson B (1991) The effect of natural porcine surfactant
(Curosurf) on the phagocytosis-associated functions of human neutrophils; in: Cosmi
EV, Di Renzo CC, Anceschi MM (eds) The Surfactant system of the lung. Prevention
and treatment of neonatal and adult respiratory distress syndrome. Macmillan Press,
London 1991, pp.142-150

Speer CP, Robertson B, Curstedt T, Halliday HL, Compagnone D, Gefeller O, Herting E,
Harms K, et al. (1992) Randomized European multicenter trial of surfactant
replacement therapy for severe neonatal respiratory distress syndrome: single versus
multiple doses of Curosurf. Pediatrics 89:13-20

Speer CP, Reuss D, Harms K, Herting E, Gefeller O (1993) Neutrophil elastase and acute
pulmonary damage in neonates with severe respiratory distress syndrome. Pediatrics
91:794-799



48

Speer CP, Gefeller O, Groneck P, Laufkétter E, Roll C, Hanssler L, Harms K, Herting E,
Boenisch H, Windeler J, Robertson B (1995) Randomized clinical trial of surfactant
therapy for neonatal respiratory distress syndrome: comparison of two treatment
regimens with natural surfactant preparations. Arch Dis Child 72:F8-F13

Stevens PA, Wright JR, Clements JA (1987) Changes in quantity, composition and surface
activity of alveolar surfactant at birth. J Appl Physiol 63:1049-1057

Strayer DS, Herting E, Sun B, Robertson B (1996) Antibody to surfactant protein A increases
sensitivity of pulmonary surfactant to inactivation by fibrinogen in vivo. Am J Respir
Crit Care Med 153:1116-1122

Sun B, Kobayashi T, Curstedt T, Grossmann G, Robertson B (1991) Application of a new
ventilator-multi-plethysmograph system for testing efficacy of surfactant replacement in
newborn rabbits. Eur Respir J 4:364-370

Sun B, Curstedt T, Lindgren G, Franzén B, Alaiya AA, Calkovska A. Robertson B (1997)
Biophysical and physiological properties of a modified porcine surfactant enriched with
surfactant protein A. Eur Respir J 10:1967-1974

Tegtmeyer FK, Gortner L, Ludwig A, Brand E (1996) In vitro modulation of induced
neutrophil activation by different surfactant preparations. Eur Respir J 9:752-757

Vallette JD, Goldberg RN, Suguihara C, Del-Moral T, Martinez O, Lin J, Thompson RC,
Bancalari E (1995) Effect of interleukin-1 receptor antagonist on the hemodynamic
manifestations of group B streptococcal sepsis. Pediatr Res 38:704-708

Van Daal GJ, So KL, Gommers D, Eijking EP, Fiévez RB, Sprenger MJ, van Dam DW,
Lachman B (1991) Intratracheal surfactant administration restores gas exchange in
experimental adult respiratory distress syndrome associated with viral pneumonia.
Anesth Analg 72:589-595

Van Daal GJ, Bos JAH, Eijking EP, Gommers D, Hannappel E, Lachmann B (1992)
Surfactant replacement therapy improves pulmonary mechanics in end-stage influenza
A pneumonia in mice. Am Rev Respir Dis 145:859-863

Van Iwaarden JF (1992) Surfactant and the pulmonary defense system; in: Robertson B, van
Golde LMG, Batenburg JJ (eds) Pulmonary surfactant. From molecular biology to
clinical practice. Elsevier, Amsterdam, pp.215-225

Van Iwaarden FJ, Van Golde LMG (1995) Pulmonary surfactant and lung defense:
interactions of surfactant proteins with phagocytic cells and pathogens; in: Robertson B,
Taeusch W (eds) Surfactant therapy for lung disease. Marcel Dekker, New York, pp.75-
88

Van't Veen A, Mouton JW, Gommers D, Kluytmans JA, Dekkers P, Lachmann B (1995)
Influence of pulmonary surfactant on in vitro bactericidal activities of amoxicillin,
ceftazidime, and tobramycin. Antimicrob Agents Chemother 39:329-333

Van’t Veen A, Mouton JW, Gommers D, Lachmann B (1996) Pulmonary surfactant as
vehicle for intratracheally instilled tobramycin in mice infected with klebsiella
pneumoniae. Br J Pharmacol 119:1145-1148

von Neergaard K (1929) Neue Auffassungen iber einen Grundbegriff der Atemmechanik. Die
Retraktionskraft der Lunge, abhéngig von der Oberflachenspannung in den Alveolen.
Z Gesamt Exp Med 66:373-394



49

Walmrath D, Ginther A, Ghofrani HA, Schermuly R, Schneider T, Grimminger F, Seeger W
(1996) Bronchoscopic surfactant administration in patients with severe adult respiratory
distress syndrome and sepsis. Am J Respir Crit Care Med 154:57-62

Walther FJ, David CUR, Lopez SL (1995) Antioxidant-surfactant liposomes mitigate
hyperoxic lung injury in premature rabbits. Am J Physiol 269:L.613-L617

Wang JY, Kishore U, Lim BL, Strong P, Reid KBM (1996) Interaction of human lung
surfactant proteins A and D with mite (dermatophagoides pteronyssinus) allergens. Clin
Exp Immunol 106:367-373

Weisman LE, Stoll BJ, Kueser TJ, Rubio TT, Frank CG, Heiman HS, Siva Subramanian KN,
Hankins CT, Anthony BF, Cruess DF, Heimming VG, Fischer GW (1992) Intravenous
immune globulin therapy for early-onset sepsis in premature neonates. J Pediatr
121:434-443

Weisman LE, Stoll BJ, Cruess DF, Hall RT, Merenstein GB, Hemming VG, Fischer GW
(1992) Early onset group B streptococcal sepsis: a current assessment. J Pediatr
121:428-433

Weisman LE, Anthony BF, Hemming VG, Fischer GW (1993) Comparison of group B
streptococcal hyperimmune globulin and standard intravenously administered immune
globulin in neonates. J Pediatr 122:929-937

Whitsett JA, Baatz JE (1992) Hydrophobic surfactant proteins SP-B and SP-C: molecular
biology, structure and function; in: Robertson B, van Golde LMG, Batenburg JJ (eds)
Pulmonary surfactant. Elsevier, Amsterdam, pp.55-75

Wiseman LR, Bryson HM (1994) Porcine-derived surfactant. A review of the therapeutic
efficacy and clinical tolerability of a natural surfactant preparation (Curosurf) in
neonatal respiratory distress syndrome. Drugs 48:386-403

Wright JR. (1998) Host defense functions of surfactant; in: Rooney SA (ed) Lung surfactant.
Cellular and molecular processing. R. G. Landes, Austin, Texas, USA, pp.191-214

Zeligs B, Nerurkar LS, Bellanti JA (1984) Chemotactic and candidacidal responses of rabbit
alveolar macrophages during postnatal development and the modulating roles of
surfactant in these reponses. Infect Immun 44:379-385



50

8. ACKNOWLEDGMENTS

I would like to express my sincere gratitude to everyone who has helped my in any ways
during the studies, in particular:

Docent Bengt Robertson, my main tutor, for friendship and for constant support over many
years; for his enthusiam and never ending patience, for criticism and stimulation, and for
lunch time discussions including everything from Abba (sill?) to HasselO. I would also like
to thank Docent Gertie Grossmann, Katarina, Petra, Camilla and Andrea for lots of
remarkable events we shared.

Docent Connie Jarstrand, Department of Clinical Microbiology, Huddinge Hospital,
Stockholm for help in a multitude of ways with the bacteriology. Especially, for getting up at
4 o"clock in the morning to feed the little "monsters"” (Figure 14).

Docent Tore Curstedt and Docent Jan Johansson for support and critical discussions. They
and their team (Elin Arvesen, Birgitta Jonsson, Gunhild Nilsson and Marie Palmblad)
supplied us for many years with surfactant, that saved the lifes of many babies before the
substance became commercially available.

Figure 14: "Friendly"
subtype of GBS 090 la LD
demonstrating a special
form of B-haemolysis

Bim Linderholm, Eva
Lundberg and Petru Popa for friendship and help. Especially, for coping with me for such a
long time and guessing what I meant when | spoke Swedish. For a lot of work and even more
fun.

Anne Manninen for keeping track of all the forms necessary and for organizing everything
so smoothly.

Christina Ingvarsson and Helga Gundlach for secretarial assistance.



51

Prof. Fred Possmayer, PhD, University of Western Ontario, London, Ontario, Canada for
critical discussion of this thesis and most valuable comments.

Prof. Bo Sun, now Department of Paediatrics, Shanghai Medical University, Shanghai,
China, for discussion and showing me all the small tricks needed to run the "experimental
machinery".

The staff of the laboratory for clinical bacteriology at Huddinge sjukhus for help in many
ways; special thanks to the substrate department for help with the nutrient media. Omid
Rasool, PhD for teaching me the bacteriological and immunological techniques needed for
the initial studies.

Docent Stellan Hakansson, Department of Pediatrics, University of Umea, Sweden, for
supplying us with the GBS strain that turned out to be so valuable for many experiments.

Prof. David Strayer, Department of Pathology, Thomas Jefferson Medical University,
Philadelpia, for constructive criticism and for supplying the monoclonal anti SP-A antibody.

Dr. rer. nat. Petra Rauprich, Gabriele Walter, Dr. Oliver Moéller and Guido Stichtenoth
for their work in the laboratory for surfactant research in Gottingen.

My colleagues in Géttingen, especially PD Dr Karsten Harms and Dr. Holger Schiffmann
for coping with the extra workload, when | sneaked off to Stockholm.

Dr. Per Berggren and Mr. Gerd Mex for help with the computer, when 1 got stuck.

Prof. Dr. Olaf Gefeller and Matthias Land, Msc, from the Department of Medical
Informatics, Biometry and Epidemiology, University of Erlangen-Nuremberg for statistical
advice and handling of the data in the multicenter study.

All friends and collaborators In the Collaborative European Multicenter Study Group for
support with the clinical study. Special thanks to Dr. Loekie van Sonderen, Amsterdam, for
support and to Prof. Henry Halliday, Belfast and Prof. Christian Speer, Wirzburg for
discussions with a glass of beer during the "family™ meetings.

All other scientists from all over the world, who visited the Division for Experimental
Perinatal Pathology in Stockholm, for lots of impressions and especially for having the
pleasure to "hang together" on the wall. Special thanks for nice collaboration to Dr. Andrea
Calkovska, Martin, Slovakia and Dr. Xiaozhuang Gan, Bejing, China.

All the friendly people I met at the Department of Pathology at St. Goran’s Hospital and
thereafter at the Departments of Pathology and Clinical Chemistry at the Karolinska Hospital.

Mechthild, Anna, Tobias, Jonas and Jan for constant support and for joining me to
Stockholm on so many occasions.

We sadly miss our friend and collaborator Prof. Nils W. Svenningsen from the University of
Lund who died on January 30 1998. He was a most remarkable friend and paediatrician and
one of the driving forces of surfactant research in Europe.



52

Support

The work was supported by:

Grants from the German Research Council:
DFG He 2071/1-1 and DFG He 2072/1-2

DFG He 2072/2-1 and DFG He 2072/2-2

Grants from the Swedish Medical Research Council:

MFR Project No. 3351

A collaborative project of the German Academic Exchange Service (DAAD) and the

Swedish Institute:

Project No. 313/S-PPP

Research grants from the Karolinska Institute

Konung Oscar I1:s Jubileumsfond

Surfactant for the studies was generously supplied by Chiesi Farmaceutici, Parma, Italy,
Serono Germany (Munich, Germany) and Serono Nordic (Solna, Sweden).



53

” Nicht Kraft und Leidenschaft allein,

Geduld will bei dem Werke sein...”

Johann Wolfgang von Goethe

Cover illustration: Phagocytosis of encapsulated group B streptococci by

human polymorphonuclear neutrophilic leucocytes



