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Abstract

Based on the structure of the cell wall, bacteria are divided into Gram-positive and Gram-
negative. While the cell wall of Gram-positive bacteria is thick, the cell wall of Gram-negatives is
very thin and surrounded by an outer membrane with LPS. Previous studies have shown that
Gram-positive bacteria induce much more IL-12, TNF and IFN-y from human peripheral
mononuclear cells (PBMC) than do Gram-negatives, which instead induce more IL-6, IL-8 and
IL-10 than do Gram-positive bacteria. In this thesis we confirm this cytokine pattern and show
that the capacity of Gram-positive and Gram-negative bacteria to induce these distinct cytokine
profiles is independent of their taxonomic relatedness. One exception from this general pattern
was Listeria monocytogenes, which was a poor inducer of IL-12, TNF and IFN-y despite being
Gram-positive. Since an intricate interplay between IL-12, TNF and IFN-y results in enhanced
killing capacity of macrophages, these cytokines are recognized as phagocyte-activating
cytokines. Another striking exception was Streptococcus pneumoniae, which induced no IL-12
despite its close relation to the viridans streptococci, which induced high levels. Aging
pneumococci decompose due to the action of autolysin. We show that autolyzed pneumococci
induce very little IL-12, TNF and IFN-y and also inhibit the production of phagocyte-activating
cytokines in response to intact bacteria. Further, fragments partly blocked phagocytosis of intact
pneumococci. Thus, fragments generated by autolysin may paralyse phagocyte defenses and
contribute to virulence.

To investigate the response to Gram-positive and Gram-negative bacterial infection, middle ear
fluid was collected from children with acute otitis media (AOM) and from children with long-
standing secretory otitis media (SOM). In SOM, Gram-negative bacteria were more prevalent
than in AOM. Further, fluids with no cultureable bacteria were often positive by PCR in SOM,
but not in AOM. This suggests that bacterial DNA is eliminated soon after killing of bacteria in
AOM but not in SOM, or that bacteria remain dormant in the middle ear cavity of the SOM
patients. The levels of inflammatory mediators in the fluids did not relate to the etiological agent.
Instead, most cytokines, especially IL-1p, were highly elevated in middle ear fluids containing
live, cultureable bacteria compared to negative fluids, even if microbial DNA could be detected
by PCR. In contrast, high levels of IL-6 and PGE, were measured also in AOM fluids with no
detectable bacteria, and might be important in the resolution phase of the infection.

Nasal spray treatment with viridans streptococci and lactobacilli were tested as a method to speed
up resolution of SOM in a placebo controlled double blind pilot study. One third of children
sprayed with viridans streptococci showed significant clinical improvement, while treatment with
lactobacilli was less effective. Clinical recovery was not associated with changes in the
nasopharyngeal flora, or the expression of inflammatory mediators in nasopharynx or in the
middle ear. Spray treatment with viridans streptococci could be an alternative to surgery due to
SOM, but the mechanism of the beneficial effects remains to be elucidated.

Key words: Gram-positive, Gram-negative, bacteria, cytokines, monocytes/macrophages, phagocytosis,
Streptococcus pneumoniae, autolysin, acute otitis media, secretory otitis media, children, probiotics
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INTRODUCTION

The human upper respiratory mucosa is colonized with a large number of bacteria.
Whereas most bacteria are commensals and seldom cause disease in the
immunocompetent host, some bacteria are potential pathogens. Streptococcus
pneumoniae, Haemophilus influenzae and Moraxella catarrhalis are all capable of
invading the middle ear and cause acute otitis media (AOM), especially in children.
Infection is associated with a strong inflammatory response against the invading
bacteria. In this thesis we have studied the inflammatory mediator pattern elicited
in vitro and in vivo in response to different bacteria in general and to otitis media
pathogens in particular. We further investigated if this response could be modulated
by treatment with probiotic bacteria in patients with long-standing middle ear fluid
due to secretory otitis media.

Bacteria

After having discovered bacteria in the 1670"™ with a microscope of his own design,
Antony van Leeuwenhoek wrote: “This was to me, among all the marvels that I
have discovered in Nature, the most marvellous of all; and I must say for my part,
that no greater pleasure has yet come to my eye than these spectacles of so many
thousands of living creatures in a small drop of water moving among one another,
each individual creature with its particular movement” (1).

It has been estimated that there are over 10*° individual bacteria worldwide, most of
who are living in the ocean or in the soil (2). Bacteria have been found in extreme
environments, like in the Greenland ice (3) and in acidic thermal springs (4), but
numerous bacteria are also found in our own bodies.

Bacteria (prokaryotes) are unicellular organisms, about ten times smaller than
mammalian cells. They lack many structures present in eukaryotic cells such as
nucleus, Golgi apparatus and endoplasmatic reticulum. Their genetic material
usually consists of a single chromosome located in the cytoplasm. Bacteria are
often surrounded by a cell wall, a structure not found in mammalian cells.
Structures of the bacterial cell wall are therefore potent activators of the innate
immune system. Extensive remodelling and enlargement of the cell wall occur
during growth and division. Some peptidoglycan degradation products are recycled,
while much is shed, especially by Gram-positives, and possible to detect by the
immune system. There are a few pathogenic bacteria that lack a cell wall, for
example Chlamydiae and Mycoplasma spp. All other bacteria that possess a cell



wall are divided into two groups, namely the Gram-positive and the Gram-negative,
respectively, based on the appearance of the cell wall.

Gram-staining

In 1884 the Danish scientist Hans Christian Gram published a staining method that
is still widely used in the routine diagnostics as a first step for bacterial
identification (5). After staining by crystal violet and fixation with iodine some
bacteria remain blue after treatment with alcohol or acetone. These are called
Gram-positive. Other bacteria are decolorized after alcohol treatment and appear
red after counterstaining with safranin and are called Gram-negative. Some Gram-
positive bacteria contain a fraction of cells that lose the blue dye easily and a
culture of such bacteria appears as a mixture of Gram-positive and Gram-negative
bacteria in the microscope. These are called Gram-variable.

The Gram-positive cell wall

A schematic illustration of the Gram-positive and Gram-negative cell wall is shown
in Figure 1.

The Gram-positive cell wall consists of a rigid polymer, the peptidoglycan, which
is up to 50 layers thick and surrounds the bacterium. The peptidoglycan is
composed of chains of the alternating sugars N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM). Short peptide chains connect peptidoglycan strands to
one another. In Gram-positive bacteria, the third amino acid in this peptide is
usually L-lysine, while Gram-negatives instead generally have meso-
diaminopimelic acid (meso-DAP) as the third amino acid residue (Figure 1).
Exceptions to this rule are the Gram-positive bacteria Listeria monocytogenes and
Bacillus cereus, which in common with Gram-negatives have meso-DAP instead of
L-lysine in their peptide chain (6). Meso-DAP is recognized by the pattern
recognition receptor NOD1 (page NOD127).

Most Gram-positive bacteria have teichoic acids and lipoteichoic acids in their cell
wall, which are responsible for the negative charge of the bacteria, and, when
present, are essential for the survival of the bacteria. Teichoic acids are anchored to
the muramic acid of the peptidoglycan, and mostly built of long, repetitive units of
glycerol or ribitol phosphates. Lipoteichoic acids, on the other hand, are long
polymers of glycerol phosphate linked to a glycolipid anchored to the cell
membrane (7, 8). Teichoic or lipoteichoic acids may be decorated with different
residues, e.g. choline, which provides an anchor site for choline-binding proteins
including pneumococcal autolysin (9). Choline is also antigenic and antibodies to
phosphorylcholine are produced against many Gram-positive bacteria. Some Gram-
positive bacteria also contain lipoproteins anchored to the cell membrane (10).
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Figure 1: The composition of the Gram-positive and Gram-negative cell wall,
respectively, modified from a figure by Agnes Wold. The short peptide chains
connecting the Gram-positive peptidoglycan strands usually have L-lysine in the
third position, while this residue is occupied by meso-DAP in Gram-negative
bacteria.
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The Gram-negative cell wall

In contrast to Gram-positive bacteria, the Gram-negatives have a thin cell wall,
usually only consisting of one single layer of peptidoglycan. Anchored to the cell
wall by lipoproteins is an outer membrane which contains lipopolysaccharides
(LPS), the most potent danger signal known today. Minimal doses are enough to
stimulate local as well as systemic inflammatory reactions. LPS is composed of the
lipid A domain, the core and the O-antigen. Lipid A is a conserved structure
composed of disaccharides linked to fatty acids that anchors LPS to the cell
membrane. The exact function of lipid A in the bacteria is unknown, but it is vital
for the survival of the bacteria, and is responsible for the strong immune activation
by LPS (11). The core varies between bacterial genera and is composed of
oligosaccharides. Farthest out is chains of repetitive trisaccharides sometimes
provided with side chains, which vary between strains and constitute the
immunogenic O-antigen. Some mucosal bacteria, including the genera
Haemophilus and Moraxella lack the O-antigen and their LPS is usually referred to
as lipooligosaccharides (LOS) (12). The LOS can vary considerably between and
even within bacterial strains, and may be modified by host substances or by on-off
switching of genes, a phenomenon called phase variation (13). These modifications
are thought to enhance virulence and contribute to colonization and persistence in
the host (14-16).

During Gram-staining cytoplasmatic proteins are stained by crystal violet. Fixation
by iodine is thought to produce protein-dye complexes that are too large to pass
through the tight meshwork of the Gram-positive cell wall. However, in Gram-
negatives the dye-protein complexes leak out of the cell as the outer membrane is
decomposed by alcohol, and the peptidoglycan layer is thin and looser due to few
cross-links between chains. Hence, Gram-negative bacteria are decolorized.

Bacterial taxonomy

Carl von Linné¢, in his Systema Naturae (1735) introduced five categories (species,
genus, order, class and kingdoms) for the systematic classifications of the natural
world, including living species. The Linnaean system of taxonomy is still in use,
complemented with the family and phylum categories, as well as domain,
superphylum, suborder, subclass and subspecies, in certain cases. Historically,
bacterial classification has been based mainly on morphology and biochemical
tests. As techniques and approaches have improved, re-evaluation of bacterial
taxonomy has been made continuously. Still, taxonomy is a dynamic process as
modern molecular bacteriology gives new insight into the relationships of species.
Examples of genotypic-based molecular techniques used currently include genomic
DNA-DNA hybridization, sequencing of the 16S rRNA gene, or sequencing of
multiple protein-coding genes (multi-locus sequence analysis; MLSA), to name a
few. Along with the emergence of newer typing methods discussions of a proper
species definition have been in progress. The recognized establishment of protocols
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used for describing a bacterial species was proposed by Wayne et al. 1987 and
defines strains with approximately 70% or greater DNA-DNA relatedness, with 5°C
or less difference in their melting temperature and with some differential
phenotypic property (17). However, additional criteriae have been proposed as new
methods are applied and the topic of bacterial systematics and the concept of
bacterial species continues to be debated (18-20).

Streptococcus species

One example of species whose taxonomy has undergone extensive re-evaluation is
the Streptococcus spp. Since long streptococci are divided into a-hemolytic or -
hemolytic streptococci based on their appearance on blood-containing agar plates.
This approach is still used clinically to identify the more virulent f-hemolytic
streptococci from species which usually are of low pathogenecity. Non-f-hemolytic
streptococci are either a-hemolytic or non-hemolytic. Since expression of o-
hemolysis depends very much on culture conditions, the term a-hemolytic is
nowadays rather irrelevant. Another way of classifying streptococci is based on
serological analysis of cell wall carbohydrates or teichoic acids according to the
system developed by Lancefield. In this system, B-hemolytic streptococci are
divided into the group A, C and G, but in non-B-hemolytic species, Lancefield
typing is of limited value. In fact, classification of non-f-hemolytic streptococci is
complicated, even sequencing of the 16S rRNA gene sometimes fails to distinguish
between species, examplified by 99% similarity between S. mitis, S. oralis and S.
pneumoniae (21). Therefore, both DNA-based methods and phenotypic
characteristics are used for separation of species. Most non-f-hemolytic
streptococci are referred to as viridans streptococci, which are divided into five
groups, namely the mutans, salivarius, anginosus, sanguinis group and mitis groups
(22). S. pneumoniae, often called pneumococcus, has due to genetic similarities
been placed within the Streptococcus mitis group (23). Though genetically related,
the pneumococci are far more virulent than the other streptococci in this group.
Thus, taxonomic relatedness between species does not necessarily reflect their
pathogenic capacity.

Phylum and Gram-staining pattern

It has been estimated that there are 107 to 10° bacterial species worldwide (24).
There are at least 50 bacterial phyla, and half of them contain only bacteria that
have never been cultured (24). Bacteria of medical interest are found in eight phyla,
namely Actinobacteria, Bacteroidetes, Chlamydiae, Firmicutes, Fusobacteria,
Proteobacteria, Spirochaetes and Tenericutes. The phyla Bacteroidetes,
Fusobacteria, Proteobacteria and Spirochaetes contain Gram-negative bacteria
only. The pathogenic species found in these phyla are generally rather easy to
culture. An exception is the Spirochaetes phylum, whose members require other
methods for diagnosis. The genera Chlamydia and Mycoplasma in the phyla
Chlamydiae and Tenericutes, respectively, are also referred to as “Gram-negative”;
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however, both genera entirely lack cell wall and Mycoplasma also lack
cytoplasmatic membrane. The term “Gram-negative” is therefore rather irrelevant
for these groups. Gram-positive bacteria with a high G+C content (e.g.
Bifidobacteria, Propionibacteria and Corynebacteria spp.) reside in phylum
Actinobacteria. Gram-positive bacteria with a low content of G+C (including
staphylococci and streptococci, lactobacilli and Clostridiae spp.) are found in
Firmicutes, but this phylum also contains the Gram-negative family Veillonellaceae
with genera like Centipeda, Megasphaera, Selenomonas and Veillonella.

Bacteria in acute otitis media

The most common bacteria causing AOM are S. pneumoniae, H. influenzae and M.
catarrhalis, whereas group A B-hemolytic streptococci (Streptococcus pyogenes)
are uncommon today (25, 26). S. pneumoniae is a Gram-positive coccoid bacterium
belonging to the Firmicutes phylum, while H. influenzae and M. catarrhalis are
Gram-negative bacteria belonging to the class Gammaproteobacteria in the
Proteobacteria phylum.

Streptococcus pneumoniae

S. pneumoniae was first isolated simultaneously in 1880 by the U.S. Army
physician George Miller Sternberg and by Louis Pasteur in France (27).
Pneumococci are highly virulent, and the leading bacterial cause of death in young
children worldwide (28). The clinical manifestations span from sepsis, meningitis
and pneumonia to localized upper respiratory infections such as sinusitis and otitis
media. S. pneumoniae is the leading cause of acute otitis media (25, 29, 30).

Considerable scientific work has been done to investigate the pneumococcal
virulence, and the number of potential virulence factors characterized so far have
increased remarkably in recent years. The main reason for this interest is the
ambition to find new vaccine candidates capable to protect against all
pneumococcal serotypes. However, research is also performed in order to clarify
pneumococcal pathogenesis, and three important virulence factors, namely the
capsule, pneumolysin and autolysin are discussed in more detail below.

Capsule

The polysaccharide capsule is the most important virulence factor in pneumococci.
Practically all invasive isolates are encapsulated, although non-encapsulated strains
may cause superficial infections such as conjunctivitis (31, 32). There are more
than 90 known serotypes whose distribution varies over time and between regions
(33). Some serotypes are isolated more often in clinical specimens than others (34).
After the introduction of the seven-valent pneumococcal conjugate vaccine, a shift
in serotypes causing AOM has been reported (35). In the absence of specific
antibodies the capsule is strongly anti-phagocytic by inhibiting complement-

13



mediated opsonization. The capsule also seems important during colonization and
adherence to mucosal cells (36). Children below two years of age have a poor
ability to produce antibodies against the polysaccharide capsule (37).

Pneumolysin

Pneumolysin is a crucial virulence factor as shown by the fact that mutated
pneumococci devoid of pneumolysin, show markedly reduced virulence in mice
compared to their wild-type counterparts (38). It is a toxin that binds to cholesterol
in the target cell membrane, where it oligomerizes and forms a pore. In contrast to
other cholesterol-depended cytolysins, pneumolysin lacks an N-terminal secretion
signal sequence, and therefore depends on bacterial lysis for its release from the
cytoplasm (39). However, it has recently been suggested that pneumolysin can be
localized and perform its biological activities in the cell wall (40).

At high concentrations pneumolysin is lytic to the human cells (41). At sub-lytic
concentrations the toxin exhibits a wide range of effects on the host, some of which
are depended on pore formation, whereas others are not (42). Examples include
complement activation (43), inhibition of complement-mediated opsonization of
the pneumococcus (44), inhibition of ciliary beating by the respiratory epithelium
(45), cytokine production via TLR4-stimulation (46), induction of apotosis (47) and
activation of intracellular oxygen radical production in neutrophils (48).

Autolysin

Several cell-surface proteins anchor to the pneumococcal cell wall by interactions
with phosphoryl choline residues on teichoic and lipoteichoic acids. These choline-
binding proteins include the autolysins LytA, LytB and LytC, which are enzymes
that decompose the peptidoglycan and are thought to be important during cell wall
growth and turnover. LytA is the major pneumococcal autolysin responsible for the
spontaneously lysis that occurs when pneumococci reach the stationary phase of
growth. The enzyme is an N-acetylmuramoyl-L-alanine amidase which cleaves the
bond between N-acetylmuramic acid and L-alanine in the backbone of the cell wall
peptidoglycan (49). LytA is synthesized in a low-active E-form which is present
only in the cytoplasm (9, 49). How the transmission to the cell wall occurs is still
unknown as the enzyme lacks signal sequence (50), but once there, LytA appears to
be present solely in an active C-form (51). Why autolysis does not occur until the
bacteria reach the stationary phase of growth is not known either (52).

The virulence of autolysin has been shown in mice challenged with mutant
pneumococci devoid of autolysin (53). A crucial role for autolysin in the
pathogenesis of pneumococcal meningitis, pneumonia and sepsis has also been
shown in animal models (54, 55). However, there is also work done that fails to
demonstrate any virulence in mice due to autolysin (56).
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The exact role of autolysin in pathogenesis is not clear. The benefits from
undergoing self lysis may not seem obvious for the individual bacterium. It has
been proposed that lysis is important in transfer of genetic material from competent
bacteria to noncompetent cells (57). Another theory proposes that autolysin
increases virulence by the release of pneumolysin and inflammatogenic cell wall
degradation products such as peptidoglycan and teichoic acids (33). Others
question the role of autolysin in the release of pneumolysin (42), since autolysin-
mutants still release pneumolysin (58), and pneumolysin may be released before
generalized cell lysis occur (59). However, recent results from our group indicate
that autolysis is, indeed, important for the biological action of pneumolysin (48).

Haemophilus influenzae

Haemophilus influenzae, belonging to the Pasteurellaceae family in the
Proteobacteria phylum, is a Gram-negative, non-motile and rod-shaped bacterium.
It was the first free-living organism whose whole genome was sequenced (60).
There are two subpopulations of H. influenzae, namely encapsulated strains
(serotypes a-f), and strains without capsule (non-typeable). Encapsulated H.
influenzae type b is highly virulent, causing severe meningitis, sepsis and
epiglottitis in children. Since the introduction of the conjugated H. influenzae type
B polysaccharide vaccine, these infections are now practically eliminated in
vaccinated populations (61). Non-encapsulated, non-typeable H. influenzae causes
infections both in the upper respiratory tract, as well as in the lower respiratory
tract, for example exacerbations in patients with chronic pulmonary obstructive
disease. H. influenzae causes 17-52% of AOM cases (30), and the proportion might
have further increased coincident with the introduction of the pneumococcal
conjugate vaccine to infants (62). Even before the H. influenzae type b vaccine was
introduced, most otitis media strains were non-encapsulated (30).

The virulence factors of non-encapsuled H. influenzae have not been studied as
extensively as those of S. pneumoniae. Being a Gram-negative bacterium H.
influenzae possesses LOS in the outer membrane, which is composed of short
oligosaccharide chains and lacks O antigen (16). The chemical composition of the
H. influenzae LOS shows high intra- and inter-strain variability, and the structure
seems to shift constantly (13). Host-derived sialylation of LOS has in a chinchilla
model been associated with AOM development, and may be important in biofilm
formation (15, 63). It has been observed that bacteria can switch between a
phosphorylcholine positive and a phosphorylcholine negative phenotype by phase
variation (14). The presence of phosphorylcholine residues in the LOS promoted
delayed clearance of bacteria from the lungs of mice (16). Expression of
phosphorylcholine was also associated with development of otitis media in
chinchillas (64).

A highly conserved H. influenzae surface lipoprotein, protein D, has been found to
impair ciliary function in a nasopharyngeal tissue model (65). H. influenzae devoid
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of protein D had reduced virulence in an otitis media model in rats (66), and
antibodies against protein D are protective in animal models (67). In fact, a novel
vaccine with polysaccharides from eleven pneumococcal serotypes conjugated to
protein D seems to be protective not only for pneumococcal AOM, but also for
AOM caused by H. influenzae (68). Non-typeable H. influenzae has been shown to
survive inside macrophage-like cells in human adenoid tissue (69), and adherence
and internalization into monocytic cells may be mediated by protein D (70).

Moraxella catarrhalis

M. catarrhalis is a Gram-negative diplococcus that has been renamed several times
due to advances in taxonomic knowledge. The initial generic name was
Micrococcus, which was changed to Neisseria, and further to Branhamella, before
the current name Moraxella was established in 1984 (71). Although somewhat
overlooked, M. catarrhalis is now established as a respiratory pathogen, causing
excerbations in patients with chronic obstructive pulmonary disease as well as
AOM in children.

The isolation rates of M. catarrhalis in otitis media middle ear fluids differ widely
between different geographic areas. Interestingly, increased isolation rates have
been reported in some countries, e.g. in Finland, where the incidence increased
from 10% to 23% during 15 years (26). In other countries, the isolation rates are
only a few percent (30, 72). After introduction of the seven-valent pneumococcal
vaccine, nasopharyngeal colonization with M. catarrhalis has increased in children
with AOM suggesting that AOM due to M. catarrhalis might be more common in
the future in vaccine-using areas (73).

M. catarrhalis probably lacks capsule, but has LOS on the surface that stimulates
immune responses. There are three subtypes (A, B and C) of M. catarrhalis based
on differences in LOS structures, serotype A being the most prevalent type (74).
Serotype A also seems to be more common in children than in adults (75).

Since M. catarrhalis is an exclusively human pathogen, there are no good animal
models for studying the contribution of different virulence factors to pathogenesis.
DNA typing methods have revealed two subspecies of M. catarrhalis, one of which
is more virulent and termed seroresistant (76). In contrast to the serosensitive
subpopulation, these isolates usually show resistance to complement-mediated lysis
by human serum and adherence to epithelial cells (77). A surface protein, UspA2,
has been found to interfere with the complement system (78, 79).
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Defences against pathogens

There are ten times more bacteria than eukaryotic cells residing in the human body.
These bacteria are restricted to well-defined compartments, such as the skin, the
upper airways, the oral cavity and further down in the gastrointestinal canal.
Mucosal-resident bacteria give rise to a constant low-grade inflammation in the
mucosa, but they are not eliminated by the immune system. Thus, strains can
remain as colonizers for a period, whereafter they are replaced by other bacterial
strains. Even potentially dangerous bacteria can colonize the mucosa without
causing any harm, and their presence usually passess rather unnoticed by the host.
However, if bacteria enter normally sterile sites, such as the middle ear cavity, a
strong inflammatory response is evoked, the purpose of which is to eliminate the
invading microorganism. AOM is caused by bacteria that ascend from nasopharynx
via the auditory tube, also called the Eustachian tube, to the normally sterile middle
ear cavity (Figure 2).

tympanic
membrane

middle
ear cavity

nasopharynx

Figure 2: A schematic figure of the normal human ear. The sterile middle ear
cavity is connected to the nasopharynx via the Eustachian tube.

Nasopharynx

The nasopharynx extends posterior to the nasal cavity, and superior to the soft
palate. It is an airfilled cavity that connects the nose with the pharynx. On each
lateral side is the opening of the Eustachian tubes that connect nasopharynx with
the cavities of the left and right middle ear, respectively. The nasopharyngeal
mucosa contains numerous folds and crypts. The epithelium covering the
nasopharyngeal mucosa is of different types and its distribution varies with age.
Whereas newborn infants mainly have a pseudo-stratified columnar epithelium,
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stratified squamous epithelium dominates in adults (80). There are also
considerable amounts of ciliated epithelium and numerous goblet cells between the
ciliated cells (80).

Mucosa-associated lymphatic tissue (MALT) is distributed in various regions of the
naso-oro-pharyngeal tract and also further down in the gastro-intestinal tract. The
nasopharyngeal tonsils or the adenoids are situated in the roof and posterior wall of
the nasopharynx, and the tubal tonsils (also known as the tonsilla tubaria,
Eustachian tonsils, or Gerlach tonsils) are located near the orifice of the Eustachian
tube (81).

Bacteria in nasopharynx

The surface of the nasopharyngeal mucosa and the adenoid are colonized by
numerous aerobic and anaerobic bacterial species (82, 83). Most bacteria are
commensals such as viridans streptococci, Corynebacterium spp. and Neisseria
spp., but there are also potential AOM pathogens including S. pneumoniae, non-
typeable H. influenzae and M. catarrhalis. The bacterial community is highly
dynamic and a constant turnover of strains occurs (84, 85). In small children the
colonization rate of potential bacterial pathogens in nasopharynx is high, whereas
the rate decreases by age to a rather low level in adults.

The bacteria have many strategies to remain as colonizers in the nasopharyngeal
flora for some time. Colonization by S. pneumoniae is facilitated by the
pneumococcal capsule, which reduces entrapment in the mucus (36). Whereas the
capsule seems advantageous during the first steps of colonization, adherence to and
invasion of epithelial cells are associated with loss of capsular material (86). The
pneumococci can undergo spontaneous phase variation between an opaque and a
transparent colony form (87). The transparent variant is associated with less
capsular material and more teichoic acid than the opaque variant (88), and is linked
with enhanced ability to colonize nasopharynx (87).

Bacteria adhere to non-ciliated epithelium in the nasopharynx (89), but bacteria
have also been found residing intracellularly in the adenoid tissue (69, 90).
Bacterial adherence is mediated through interaction of bacterial adhesins to specific
host structures in the nasopharynx. Phosphorylcholine is present in the cell wall of
several bacteria residing in the upper respiratory tract, including pneumococci and
H. influenzae, and binds to the receptor for platelet-activating factor (rPAF) on the
epithelial surface (91, 92). Attachment of pneumococci to the PAF receptor may
result in invasion of epithelial and endothelial cells (93). Several other adhesins and
enzymes are thought to increase pneumococcal adhesion and persistence in
nasopharynx, including CbpA (also called PspC or SpsA), neuroaminidases and
IgA1 protease (33, 94). Non-typeable H. influenzae and M. catarrhalis also possess
a number of proteins that has been suggested to facilitate adhesion to the epithelium
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(95-97), and both species have capacities to invade respiratory epithelial cells (98,
99).

Bacteria compete with each other for nutrients and space in the crowded
microenviroment of the nasopharynx. For this purpose, bacteria may produce
inhibitory substances such as bacteriocins that suppress growth of other species
(100). Commensals including viridans streptococci and Prevotella spp. can inhibit
in vitro growth of respiratory tract pathogens (82). Interestingly, viridans
streptococci collected from the tubal orifice seem to be better inhibitors than strains
isolated from the adenoids (101).

The Eustachian tube

The auditory tube, also called the Eustachian tube, connects the nasopharynx with
the middle ear cavity. It is covered by ciliated epithelium, which prevents
pathogens from nasopharynx entering the middle ear. Bacteria are trapped in the
mucous layer and transported away by the movements of the cilia. The mucus layer
is formed by glycoproteins called mucins, which are produced by epithelial goblet
cells and sub-epithelial glands in the tubal mucosa (102). In animal AOM models,
the density of the goblet cells, as well as the volume of the glands, increases during
infection. This increased secretory capacity of the Eustachian tube remains for
months (103).

Children have a shorter and more horizontal Eustachian tube than adults, thus
rendering them more vulnerable to invading microbes through the tube (104). By
the action of the veli palatini muscles, the tube opens during swallowing, thus
equilibrating the pressure in the middle ear and providing air to enter the middle
ear. The function of the muscle opening is poorer in children than in adults, but
improves gradually by increasing age (105, 106). Inadequate ventilation leads to
negative pressure in the middle ear, and decreased drainage into the nasopharynx of
fluid produced in the middle ear (104) (107). Under normal conditions, sterility of
the middle ear cavity is thought to be maintained in part by anti-microbial proteins
and peptides, such as lysozyme, lactoferrin and defensins, which protect the
auditory tube and the middle ear from invading microbes (108).

The middle ear

The middle ear cavity is located between the tympanic membrane and the
Eustachian tube. The mucosal surface is lined by simple epithelium resting on a
thin lamina propria, which is adherent to the periostium of the temporal bone. The
tympanic membrane consists of strong connective tissue composed of collagen,
elastic fibres and fibroblasts, lined by cuboidal epithelial cells on the inside, and a
thin layer of epidermis on the outside. There are few goblet cells and no glands in
the normal middle ear mucosa.
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Innate immunity

Most bacteria are inhibited from entering the middle ear cavity by chemical and
mechanical barriers in the nasopharynx and Eustachian tube. However, when this
first line of defence is insufficient, the second line of defence, the innate immune
system, takes charge. The mammalian innate immune system is an evolutionarily
conserved system that reacts rapidly against invading microbes. Activation leads to
inflammation, a coordinated defence reaction by which the microorganisms are
usually eliminated. Tissue macrophages are key cells that orchestrate the innate
immune response to invading microbes in the tissue.

Phagocytosis

Contact with foreign bodies such as bacteria leads to engulfment of the particle, a
process known as phagocytosis. Particles are internalized into intracellular vacuoles
called phagosomes, which mature into phagolysosomes with killing capacities. The
membrane of the initial phagosome resembles the plasma membrane and its interior
resembles the extracellular milieu (109). Recent studies have shown that some
phagosomal membranes are derived from the endoplasmatic reticulum (ER) and
that parts of the ER fuse with the phagosome during or soon after engulfment
(110). The phagosome is fused with sorting endosomes (111). In the sorting
endosomes, particles intended for recycling are targeted back to the plasma
membrane, whereas particles designed for degradations progress to late endosomes,
which eventually fuses with lysosomes forming phagolysosomes (112). The
phagolysosome is highly acidic, and contains a variety of compounds for killing of
microbes, including hydrolytic enzymes, bactericidal peptides such as defensins,
and enzymes for generating cytotoxic mediators (109).

Phagocytosis can be initiated by binding of the particle to receptors on the
phagocytic surface, but macrophages can also ingest inert particles such as plastic,
sand and coal. There are a broad spectrum of receptors participating in particle
recognition and engulfment, for example the Mannose receptor that recognizes
mannose or fucose residues on diverse microbes (113) and scavenger receptors
such as MARCO, which interacts with Gram-positive and Gram-negative bacteria
(114).

Phagocytosis is greatly enhanced if the particles are coated with immunoglobulins
(Ig) or complement, a phenomenon called opsonization. C3bi is a breakdown
product of C3b, which is recognized by the CR3 receptor, while IgG is recognized
by the Fcy-receptors on phagocytes, Fcyl, II and III (115). Receptor activation
generally results in a large number of events including rearrangement of the actin
cytoskeleton and maturation of the phagosome (109).
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Inflammatory mediators in the acute inflammatory response

Recognition of microbial structures by specific receptors leads to production of a
wide range of inflammatory mediators, such as cytokines and prostaglandins. In
fact, the macrophage is the main producer of inflammatory mediators, which are
important messenger molecules in the inflammatory reaction. The inflammatory
mediators act either locally och systemically in order to produce an optimal
response against invading pathogens.

IL-18 and TNF

The pro-inflammatory cytokines IL-1f and TNF are mainly produced by
monocytes/macrophages in response to danger signals such as invading bacteria.
Production of active IL-1f requires two steps: production of pro-IL-1B, and
processing of pro-IL-1p resulting in secretion of active IL-1p. Production of pro-
IL-1B occurs in free ribosomes in the cytosol after activation of pathogen
recognition receptors. Pro-IL-1B is cleaved by caspase-1 that is activated by
inflammasome formation after stimulation by metabolic stress or bacterial
components (116). In contrast, pro-TNF is produced by ribosomes bound to the
endoplasmatic reticulum and subsequently cleaved on the surface of the cell by a
membrane-bound proteolytic enzyme (117).

Quite remarkably, IL-1B and TNF have similar locally and systemically pro-
inflammatory effects in the host, though the production and target receptors differ
considerably. Both cytokines up-regulate E-selectin and ICAM-1 on endothelial
cells which allows neutrophils to slow down and penetrate through the vessel wall
to the site of infection (118, 119). They also stimulate production of prostaglandins
and nitric oxid (NO) in endothelial cells, which promote dilatation of the blood
vessels. Activation of endothelial cells also leads to production of IL-6 and IL-8, as
well as initiation of coagulation (120). In high doses, IL-1p and TNF cause local
necrosis in the tissue (121). Systemic reactions include induction of fever,
production of some, but not all acute phase proteins, cortisol production, altered
metabolism and augmentation of neutrophil production in the bone marrow. A few
important differences exist between the effects of IL-1p and TNF on the host: TNF,
but not IL-1P can activate bactericidal functions in macrophages, whereas 1L-1,
but not TNF can activate naive T cells.

IL-8

IL-8 is a chemokine that attracts and activates neutrophils (122, 123), but has no
other known effects. It is mainly produced by monocytes/macrophages in response
to bacteria or bacterial products, but can also be synthesized by endothelial and
epithelial cells, in particular after IL-1 and TNF stimulation (124). IL-8 binds to
the glycocalyx, the carbohydrate-enriched layer of the endothelial cells, where it
interacts with neutrophils that have been slowed down due to vasodilatation.
Activated neutrophils migrate into the tissue by an IL-8 gradient, leading to
accumulation of neutrophils in the infected tissue.
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PGE;

Prostaglandins, leukotrienes and thromboxanes are synthesized from arachidonic
acids, which are spliced from the cell membrane by the action of phospholipases.
Arachidonic acid is further metabolised by the enzyme cyclooxygenase to generate
prostaglandins, such as PGE,. Production occurs in cells like macrophages or
endothelial cells after inflammatory activation. PGE, acts on different receptors
distributed in different tissues and produce classical inflammatory symptoms like
oedema, redness, pain and fever. It relaxes smooth muscle cells resulting in
vasodilatation. PGE, also cause pain by sensitization of pain receptors to other
mediators, such as histamine and substance P (125). In addition to its pro-
inflammatory role in acute inflammation, PGE, also have anti-inflammatory
properties. It decreases activation of neutrophils, and inhibits production of IL-18,
TNF and IL-12 in monocytes/macrophages, while IL-10 production is stimulated
(126-128).

IL-6

IL-6 is produced foremost by monocytes/macrophages, but also by other cells like
lymphocytes, endothelial and epithelial cells. It is the cytokine that most efficiently
induces the acute phase reaction in the liver (129). During the acute phase response,
the production of certain plasma-proteins such as C-reactive protein (CRP), LPS-
binding protein, complement factors and fibrinogen are enhanced, while the
production of other proteins such as albumin are decreased. The acute phase
proteins provide help in fighting the invading microorganisms and protect the tissue
from injury. Besides IL-1p and TNF, IL-6 also induces fever (129). However, IL-6
also has anti-inflammatory qualities, and inhibits production of IL-1p and TNF
directly as well as indirectly through induction of cortisol production (130). This
seems to be one of the steps in which IL-6 directs the transition from an innate to
an acquired immune response. This involves resolution of the neutrophil infiltrate,
replacement of neutrophils by mononuclear cells, activation of T cell functions and
promotion of immunoglobulin secretion by B cells (130, 131).

Local effects of inflammatory mediators

By the action of diverse inflammatory mediators, mainly produced by macrophages
after recognition of microbial structures, considerable physiologic changes in the
blood vessels occur. During the early stages of inflammation the permeability of
the local blood vessels increases. This enables plasma proteins to leak out of the
vessel and cause oedema of the infected tissue. Anti-microbial proteins, antibodies
and complement get access to the infectious area, where they participate direct or
indirectly in the elimination of microbes. Antibodies and complement promote
phagocytosis of encapsuled bacteria by opsonization of microbes. Activation of the
complement cascade leads to formation of a membrane attack complex, which
causes lysis and death of Gram-negative bacteria.
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Recruitment of neutrophils

A critical event in the defence against pathogens is recruitment of neutrophils to the
site of infection (Figure 3). Neutrophils normally constitute 50-75% of the
leukocytes in the blood. In contrast to macrophages, the lifetime of neutrophils is
short and they only live for a few days in the blood. Upon infection, the production
of neutrophils increases in the bone marrow, and large numbers of pre-formed cells
are rapidly mobilized into the blood.

Figure 3: Recruitment of neutrophils to the site of infection by the action of
inflammatory mediators mainly produced by tissue macrophages. Due to
vasodilatation neutrophils are slowed down and allowed to interact with the
endothelium. Following activation the neutrophils are attracted to the infected
tissue by IL-8.

Under normal conditions, blood cells travel fast in the middle of the vessel without
contact to the endothelium, while the blood plasma flows in the periphery. By
opening of precapillar sphincters and relaxation of smooth muscle cells the blood
flow in the infected tissue increases. Vessel dilatation due to PGE, and NO leads to
turbulent blood flow, and the blood cells are slowed down. This allows neutrophils
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to interact with endothelial cells which are activated by inflammatory mediators,
including IL-1p and TNF (118, 132). Activated endothelial cells express selectins
that mediate weak bindings to the neutrophils, resulting in a characteristic rolling
and bouncing of the neutrophils upon the endothelial surface. This interaction is
followed by a stronger adherence to the endothelial cells via binding to ICAM-1.
IL-8, secreted by macrophages and activated endothelium is a strong activator of
neutrophils (123). By following a chemotactic gradient of IL-8 into the tissue, the
neutrophils are attracted and guided to the infected tissue.

Neutrophils are equipped with numerous granules of four different types: the
specific granule, azurophilic granule, gelatinase granule and secretory vesicles. The
contents differ between the granules, and there are also differences in the degree of
stimuli that is required for secretion of the contents. The secretory granules contain
integrins and complement receptors that are mobilized to the plasma membrane
when neutrophils encounter endothelial cells. Integrins mediate adhesion to [CAM-
1 on endothelial cells, while complement receptors is involved in phagocytosis by
recognizing opsonized microbes.

Neutrophils are very efficient in phagocytosis and intracellular killing of bacteria.
Granules containing antimicrobial substances and enzymes are recruited to the
phagosome. The most abundant granules in the neutrophils are the specific granules
which contain the iron-binding protein lactoferrin and lysozym that degrades
peptidoglycan. The specific granules also contain membrane-bound NADPH-
oxidase, which generates reactive oxygen species, central in microbial killing of
neutrophils (133). If the elimination of bacteria has been successful, resolution of
the neutrophil infiltrate occurs. Programmed cell death, apoptosis, is induced in the
remaining neutrophils, wherafter they are cleared away by tissue macrophages.

Tissue damaging mechanisms

Macrophages and neutrophils possess microbicidal agents that are potential dangers
to the host. These agents include free radicals, such as O, and HOCI, which may be
released by the neutrophils during killing of extracellular bacteria. Tissue damaging
agents may also be released by necrosis of phagocytoc cells during infection. Other
potential threats to the host include different proteolytic enzymes. Neutrophils
possess serine proteases that mediate bacterial killing, but are also involved in
extracellular matrix degradation during infection (134). Matrix metalloproteinases
are enzymes produced by neutrophils and macrophages that participate in
breakdown of the extracellular matrix (135). Synthesis of metalloproteinases is
induced by IL-1P and TNF (135).
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Pathogen recognition receptors

Central for innate immune activation during infection is recognition of microbial
structures by different receptors on phagocytes. Conserved structures of the
microbes, called pathogen-associated molecular patterns (PAMPs), are recognized
by innate immune cells that possess different pattern recognition receptors (PRRs).
Not only microbe-derived but also endogenous danger signals that are exposed
during stress or necrosis of host cells are recognized by PRRs. Macrophages posses
a wide range of PRRs. In recent years, extensive work has been performed to
elucidate the roles of Toll-like receptors (TLRs) and nucleotide oligomerization
domain-like receptors (NLRs) in inflammation.

Toll-like receptors

The Toll-like receptors (TLRs) are a group of mammalian proteins that are
homologous to the insect Toll proteins. Each TLR member senses a unique or a
limited set of microbial motifs, which usually are essential for the survival of the
microorganism, thus preventing the microbe to escape detection by the immune
system. There are 10 TLRs described in humans so far (136). The TLRs are
membrane-spanning proteins located on the surface of the cell or in the lumen of
intracellular vesicles such as endosomes. TLR2 is expressed on the surface of
phagocytic cells, but may also be recruited into phagosomes (137). In contrast,
TLRY9, which recognizs unmethylated bacterial DNA, is solely expressed in
intracellular compartments (138). The TLRs are composed of three domains, an
outer Leucin-rich repeat domain (LRR) domain, which senses the specific PAMP, a
transmembrane domain, and an intracellular effector domain (136). Sensing of the
PAMPs is believed to be direct, or more likely, indirect via certain adaptor proteins.
The TLR ligands induce dimerizations of the TLRs, forming homodimers (such as
TLR4-TLR4) or heterodimers (such as TLR2-TLR1 or TLR2-TLR6) (139).
Signalling through TLRs activates downstream events resulting in production of
inflammatory mediators.

TLR2

TLR2 has been thought to recognize a wide range of PAMPs from various
pathogens (140). However, this highly diversity of agonists have been questioned.
It is generally accepted that lipoproteins/lipopeptides are sensed by TLR2, and
perhaps also peptidoglycan (141, 142), whereas other described agonists may be
falsely identified due to lipoprotein contamination (143, 144). Ligand recognition
leads to activation of the MyD88-dependent pathway. A series of down-stream
events results in activation of mitogen-activated protein kinases (MAPKs) and
nuclear factor-kxB (NF-kB). Activated MAPKs and NF-kB promote transcription of
numerous genes involved in the immune response such as pro-inflammatory
cytokines, anti-microbial peptides, adhesion molecules and MHCs (145). TLR2 is
thought to be particularly important in the defence against Gram-positive bacteria
(146-148). TLR2 deficient mice show higher bacterial loads in the brain and
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increased disease severity compared to wild-type mice in a pneumococcal
meningitis model (149, 150). Moreover, clearance of colonization by S.
pneumoniae in nasopharynx was shown to depend on TLR2 (151). However,
bacterial clearance was unaltered in TLR2 deficient mice compared to wild-type in
experimental pneumococcal pneumonia (152).

TLR4

TLR4 is activated by LPS, a major constituent of the outer membrane of Gram-
negative bacteria. LPS binds to LPS-binding protein (153), and the complex is
recognized by CD14 on macrophages (154). TLR4 associates with the LPS-LPS-
binding protein complex via the co-receptor MD-2 (155). Stimulation of TLR4
leads to activation of two different pathways: the MyD88-dependent pathway, and
the TRIF-depended pathway. Both pathways lead to activation of NF-xB and
MAPK, and subsequent transcription of inflammatory cytokines. The TRIF-
depended pathway also leads to activation of the transcriptor factor IRF3, which
induces production of type I interferons (136). The massive immune response to
LPS may be a consequence of the ability of LPS to activate both pathways. Other
structures than LPS have also been reported to activate TLR4, such as the S.
pneumoniae toxin pneumolysin (46). TLR4 is localized on the surface of
phagocytes, but has also been found intracellular in dendritic cells (156).

The NLR family

Presently, there are more than 20 described members in the human NOD-like
receptor (NLR) family (157). Common to all NLRs, there is a C-terminal ligand-
sensing LRR domain, a central nucleotide-binding NACHT domain that mediates
oligomerization of the NLRs upon activation, and a variable N-terminal effector
domain, which can be a pyrin domain (PYD), a CARD or a BIR domain. Most
NLRs also contain a NACHT-associated domain (NAD) (116). Evidence of direct
binding of the ligand to the LRR is still lacking. Based on the class of the N-
terminal domain, the NLRs are further divided into subfamilies, of which the PYD-
containing NALPs and the CARD-containing NODs are the largest subfamilies
(Figure 4). Upon activation of NLRs, a conformation change occurs that enables
the NACHT regions to oligomerize with corresponding NACHT regions on similar
receptors, forming an active multimolecular complex. NLRs are found in immune
cells including phagocytes, but also in e.g. epithelial cells (116). Characteristically,
the receptors are located intracellular in the cytosol. Of particular interest are the
NOD1 and NOD?2 receptors, which sense peptidoglycan motifs, and NALP3, which
promote inflammasome formation and IL-1f secretion.
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Figure 4: Schematic figure of two NOD-like receptors (NLRs), NALP3 and NODI.
Upon activation of NOD1 or NOD2, a conformation change occurs, which enables
the protein to oligomerize. Recruitment of RIP2 results in activation of NF-kB and
MAPKs and subsequent transcription of genes encoding inflammatory molecules
including cytokines.

NOD

NOD1 and NOD2 sense distinct structures from bacterial peptidoglycan present in
the cytosol. Upon ligand recognition, a conformation change of the receptor occur
which enables several receptors to oligomerize. The N-terminal CARD domains
recruits the kinase RIP2 through CARD-CARD interactions (158-160).
Oligomerization of RIP2 results in a number of down-stream events, which results
in activation of NF-«xB and MAPKs and subsequent transcription of pro-
inflammatory cytokines (158). While NOD1 is expressed in numerous kinds of
cells, NOD?2 is thought to be restricted to fewer cell types (157). However, NOD2
has been found both in immune cells such as macrophages (161), as well as in other
cells like the oral cavity epithelial cells (162).

NOD1

NODI recognizes peptidoglycan that contains meso-DAP, a compound in the stem
peptide of Gram-negative bacteria (Figure 1) (163, 164). Indeed, NOD1 detects a
meso-DAP containing muramyl tripeptide, which is a peptidoglycan degradation
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product released during the metabolism of Gram-negatives (6). Interestingly, some
Gram-positive bacteria, including Listeria monocytogenes and Bacillus cereus
contain meso-DAP in their peptidoglycan as well (6).

NOD2

NOD?2 detects muramyl dipeptide (MDP), a molecular motif present in both Gram-
positive and Gram-negative bacteria (Figure 1) (165, 166). NOD2 can also detect a
L-Lysin containing muramyl tripeptide, which is present only in Gram-positives
(167). Mutations of NOD2 have been associated with Crohns disease, which is
characterized by chronic inflammation in the intestine (157).

The NALP3 inflammasome

NALP3 (also known as NLRP3) is expressed in various cells such as phagocytes
and oral epithelial cells (168). Activation of NALP3 leads to formation of a
multiprotein complex, termed inflammasome, which is necessary for activation of
caspase-1 and subsequent IL-1f secretion (Figure 5) (169). NALP3 is present in the
cytosol in an auto-inhibited state. Upon activation, oligomerization of NALP3s
occurs by NACHT-NACHT interactions in an ATP-depended way (170). The
adaptor protein ASC is then recruited to the complex. ASC contains a PYD that
binds to the corresponding PYD of NALP3. ASC also contains a CARD domain
which recruits caspase-1 to the complex by CARD-CARD interactions (116).
Activated caspase-1 cleaves pro-IL-1p into active IL-1p which is then secreted out
of the cell (171, 172).

The exact mechanism of NALP3 activation is not known, but a large number of
compounds have been shown to induce inflammasome formation in vitro (116).
These include microbial structures such as the peptidoglycan degradation product
MDP, bacterial toxins and viral DNA. Endogenous signals, such as ATP and uric
acid released by injured or stressed cells, also activate caspase-1 leading to IL-1§
secretion. Uric acid is secreted from necrotic cells and forms urate crystals in the
extracellular milieu, which is the compound responsible for NALP3 activation. In
addition, asbestos particles have been shown to stimulate inflammasome formation.
Taken together, it is believed that the main function of the NALP3 inflammasome
is to react on various danger signals.

The diversity of inflammasome activators has raised the question of a common
downstream signal. Spontaneous formation of the inflammasome occurs when
intracellular potassium is lowered (173). Several (but not all known) activators of
NALP3 can trigger K™ efflux (174). Moreover, most of the bacterial toxins that
activate NALP3 are pore-forming toxins, which trigger K" exit from the target cell.
Another potential common mechanism is the production of reactive oxygen
species, which occurs after stimulation by various activators, such as asbestos, urate
crystals and ATP (175-177).
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Another theory suggests that microbial structures activate NALP3 directly or
indirectly in the cytosol. How microbial products translocate from the phagocytic
endosomes to the cytoplasm is not clear. It has been proposed that microbial
compounds are delivered to the cytosol through the pannexin-1 channel or through
bacterial toxin-forming pores (157, 178). Stimulation of NALP3 by ATP is
associated with activation of the purinoreceptor P2X7 that interacts with the
pannexin-1 channel (178, 179). It has also been suggested that inflammasome
formation requires two separate signals, one provided by microbial products, the
other by extracellular ATP or pore-forming bacterial toxins (157).

Gram-negative bacteria

\ necrotic CD\/
R g
NG

LPS-binding
protein

inflammasome

NF-kB

ASC ﬁ
caspase-1

MAPKs pro-IL-1g =——> IL-1

Figure 5: Production of IL-1§ requires two signals, one that results in production
of pro-IL-1f and another leading to caspase-1 activation and cleavage of pro-IL-
1P to active IL-1p. In this example the production of IL-1f is initiated by indirect
recognition of LPS by TLR4, which results in activation of NF-kB and MAPKs.
Endogenous danger signals released by necrotic cells are sensed by NALP3 whose
activation leads to inflammasome formation and activation of caspase-1.
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Table 1: Some macrophage receptors and their activators

Receptor ~ Receptor Localisation =~ Examples of Examples of
family activators resulting event
C-type Mannose Cell surface ~ Mannose, fucose Phagocytosis
lectin
receptors
Scavenger MARCO Cell surface ~ Large negatively Phagocytosis
receptors charged
molecules
TLR TLR2 Cell surface, Lipoproteins Production of
endosome inflammatory
mediators
TLR4 Cell surface, LPS Production of
inflammatory
Intracellular mediators
compartments
TLR9 Intracellular ~ Unmethylated Production of
compartments bacterial DNA inflammatory
mediators
NLR NOD1 Cytosol Meso-DAP in Production of
Gram-negative inflammatory
peptidoglycan mediators
NOD2 Cytosol MDP in Production of
peptidoglycan inflammatory
mediators
NALP3 Cytosol MDP, Urate IL-1B, IL-18
crystals, ATP secretion
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Acquired immunity

When the innate immune system is insufficient for defeating infectious agents, the
acquired immune system provides help in the defence. Compared to the innate
immune system, activation of the acquired immune system is a slower process, and
it may take weeks to fully develop an aquired immune response the first time an
antigen is encountered. However, in contrast to the innate response, acquired
immunity is equipped with memory, and activation occurs much faster when
encountering the same microbe repeatedly. Lymphocytes are organized in
secondary lymphoid organs where they are presented for their specific antigens. In
the upper respiratory tract, different tonsillar tissues constitute the mucosa-
associated lymphatic tissue (MALT).

The tonsils are highly organized structures with different compartments containing
dendritic cells, T cells and B cells (180). There a numerous crypts, which increase
the contact considerably. Primed B cells are distributed to secretory tissues where
they differentiate into plasma cells that produce IgA and IgM (181). There is
evidence that B cells are directed specifically from nasopharyngeal MALT to the
mucosa of the upper respiratory tract, a process known as homing (182).

T helper cells and the diversity of aquired immune responses

Aquired immune responses start when microbes or other antigens are engulfed and
processed by dendritic cells strategically positioned in the skin and mucosa. The
antigen-presenting cells migrate to a lymph node, and present their antigen on
MHC class II molecules for circulating CD4" lymphocytes. Activated CD4" T cells
mature into T helper cells or regulatory T cells. Besides antigen recognition CD4"
T cells must receive co-stimulatory signals for activation. The co-stimulatory
factors are provided by activated antigen-presenting cells and include accessory
surface molecules, as well as T cell activating cytokines such as IL-1p and IL-12.
This is a security system to confirm that the T cell is reacting on a relevant antigen
which already has activated innate immune cells. Recognition of antigen without
co-stimulatory signals results in anergy, a state of immune unresponsiveness. Based
on the conditions provided during antigen presentation, the nature of the antigen
and the antigen-presenting cell, different reaction patterns of the CD4" T cells
develop. Somewhat simplified, CD4" T helper cells can be said to promote and
control three different events; macrophage activation, antibody production and
CDS8" T cell activation.

T helper cells stimulate B cells to mature into antibody secreting plasma cells. The
T cell derived cytokines IL-4, IL-6 and IL-10 are important for this B cell
maturation. Also cytotoxic CD8" T cells mature under the influence of cytokines
from T helper cells, mainly IL-2 and IFN-y. Activated CD8" T cells recognize their
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specific antigen on MHC class I molecules, whereby the cell presenting the antigen
is killed.

Macrophage activation by T helper cells

Macrophage activation is important to promote killing of ingested bacteria. IFN-y,
produced by activated T helper cells, increases macrophage bactericidal functions
by production of free radicals and lysosomal enzymes and also enhances MHC
class II expression. T helper cell promotion of the killing capacity of macrophages
is called cell mediated immunity.

IL-12 is composed by the subunits p40 and p35 that form the biological active p70
heterodimer (183). Whereas p35 is produced ubiquitously and constitutively at low
levels, p40 expression is restricted to phagocytes and antigen-presenting
cells. Hence, the IL-12 heterodimer is mainly produced by monocytes,
macrophages and dendritic cells in response to bacteria (184). IL-12 induces
proliferation, IFN-y production and increased cytotoxic activity of T cells and NK
cells (185). IFN-y, in turn, promotes further production of IL-12 from monocytes
and activates bactericidal functions of macrophages in synergy with TNF (Figure 6)
(186, 187). IL-12, IFN-y and TNF are therefore key cytokines in cell-mediated
immune reactions, and IL-12 also promotes T cell differentiation into T helper 1
cells (185).

IL-10, produced by monocytes/macrophages and T cells down-regulates
macrophage activation and antigen presentation, and inhibits production of IL-12
and IFN-y. Instead, IL-10 stimulates B cell proliferation and immunoglobulin
secretion, and enhances cytotoxic T cell development (188, 189). IL-12 and IFN-y
production is also potently inhibited by IL-10 and PGE, (190, 191).

Since long, the phagocyte-activating cytokines IL-12, IFN-y and TNF have been
known to protect against intracellular bacteria, such as Listeria monocytogenes
(192). Individuals with deficiencies in the IL-12/IFN-y loop are especially
susceptible to infections with intracellular bacteria including non-tuberculous
Mycobacteria and Salmonella spp. (193). However, in recent years it has become
evident that these cytokines are important for the defence against extracellular
bacteria, including Staphylococcus aureus (194), group B streptococci (195) and S.
pneumoniae as well (196, 197). A potential role for IL-12/ IFN-y in probiotic
treatment has also been suggested, since Bifidobacteria and Lactobacillus spp.,
commonly used as probiotic strains, are strong inducers of IL-12 and IFN-y (198,
199).
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Figure 6: Macrophage activation by T helper cells. IL-12 stimulates T helper cells
and NK cells to produce IFN-y which enhance bactericidal functions in

macrophages in synergy with TNF. Macrophage activation is potently inhibited by
IL-10.

Induction of different cytokines by bacteria in vitro

Analyses of inflammatory mediators produced by human mononuclear cells in
response to different bacteria have revealed an interesting pattern: Intact Gram-
positive bacteria induce much more IL-12, IFN-y and TNF than do intact Gram-
negative bacteria, which instead induce more IL-6, IL-8, IL-10 and PGE, than do
Gram-positives (Figure 7) (200-202). Furthermore, the same type of response as
that to intact Gram-negative bacteria could be induced using pure LPS, whereas no
soluble components of the Gram-positive cell wall induces IL-12 or comparable
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levels of TNF or IL-1p as do intact bacteria (Figure 7) (200, 201). The requirements
for IL-12 production in response to the Gram-positive bacteria were investigated
using Bifidobacteria adolescentis as model bacterium. Phagocytosis was obligate to
obtain an IL-12 response, since cytochalasin treatment abrogated production of IL-
12 but not IL-6 (199). Moreover, inhibition of the NF-xB pathway reduced the
production of IL-12 (199). Soluble bacterial fragments, or peptidgoglycan,
lipoteichoic acid or muramyl dipeptide (MDP) did not induce any IL-12, as
previously shown, and actually inhibited the response to intact bacteria (199).

The above mentioned studies of the cytokine pattern in reponse to different Gram-
positive and Gram-negative bacteria included 14 different bacterial species. The
seven Gram-positive bacteria belonged to the Actinobacteria and the Firmicutes
phyla, the only ones containing Gram-positive bacteria. Six of the seven Gram-
negative species investigated belonged to the Proteobacteria phylum, while one,
Veillonella parvula, belonged to the Firmicutes phylum. Interestingly, V. parvula
actually induced IL-12 in levels almost comparable with those induced by the
Gram-positive bacteria, which raised the question whether Gram-negative bacteria,
belonging to the “Gram-positive” Firmicutes phylum behave like Gram-positive
bacteria in means of cytokine induction in general and IL-12 in particular. Also, it
remains to be shown that this cytokine pattern induced by different Gram-positive
and Gram-negative species is conserved when bacteria from other phyla are
investigated.

o . PGN
Gram-positive Gram-negative LTA
bacteria bacteria MDP LPS
IL-12 {12 (L-12) IL-12
TNF IFN-y TNF TNF
IFN-y IL-6 IL-6 IL-6
IL-6 IL-8 IL-8 IL-8
IL-8 (IL-10) -
IL-10 IL-10 IL-1B :t_::g
IL-1B8 IL-1B PGE,
PGE, PGE, PGE,

Figure 7: Different patterns of inflammatory mediators induced by Gram-positive
and Gram-negative bacteria, respectively, in human monocytes. While the levels of
inflammatory mediators induced by Gram-negative bacteria could be mimicked by
using pure LPS, soluble fragments from the Gram-positive cell wall were poor
inducers of cytokines that were induced in high levels by intact Gram-positive
bacteria.
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Acute otitis media

Acute otitis media (AOM) is the most common bacterial infection in childhood.
Children between 6 and 11 months are at highest risk, and by age three years every
second child has experienced one episode of AOM (203). In some children AOM
tend to relapse repeatedly. In Sweden, an otitis-prone child is defined as one who
has had six or more AOM episodes before the age of two years. In other countries,
the definition is more inclusive leading to a higher proportion of otitis-prone
children in the population. The symptoms of AOM vary with age. When children
between 2 and 24 months were examined, the most common symptoms of AOM
were those typical of a viral upper respiratory infection, i.e. runny nose and/or
cough (204), which relates to the fact that most cases of AOM develop in
conjunction with a viral upper respiratory infection (see below). Other symptoms
and signs often present in AOM are ear ache, fever, redness of the tympanic
membrane and purulent middle ear fluid (204).

Risk factors

A number of risk factors for AOM have been described, such as young age, day
care attendance, siblings, male gender, passive smoking and winter season (107).
Most of these conditions predispose children to upper viral respiratory infection,
which is considered the most important predictor for AOM in children (107). It has
been estimated that AOM occurs in approximately 20% of children with upper
respiratory infections (107), usually 3-4 days after the onset of the viral infection
(205, 206). Infection with respiratory syncytial virus (RSV) has been associated
with the highest risk of developing AOM (207, 208). Other viruses associated with
AOM include adenovirus, coronavirus, influenza virus and rhinovirus (209).

Pathogenesis

AOM is caused by bacteria that ascend into the middle ear from nasopharynx via
the Eustachian tube. Viral infections promote adherence and colonization of the
nasopharynx by pathogenic bacteria (107, 210), perhaps by providing molecules on
the epithelial cells which are used as receptors by the bacteria (211). Infection with
influenza A also results in Eustachian tube dysfunction with damage and
disappearance of ciliated cells, accumulation of secretion in the lumen and negative
pressure in the middle ear (212, 213). Moreover, intranasal inoculation with
influenza A, but not pneumococci, induces neutrophil dysfunction in chinchillas
(212). In a chinchilla model, otitis media developed in 4% of the animals
inoculated with influenza virus alone, and in 21% inoculated with S. pneumoniae
alone, whereas 69% of the animals inoculated with both virus and bacteria
developed otitis media (214).

The main bacterial AOM pathogens, S. pneumoniae, Non-typeable H. influenzae
and M. catarrhalis are more often isolated from nasopharynx in children prone to
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otitis media compared to control children (82, 215, 216). Children with increased
risk of AOM development also seem to have an unbalanced commensal
nasopharyngeal flora with fewer viridans streptococci and anaerobic bacteria such
as Prevotella spp. with interfering capacities against bacterial pathogens (82, 217,
218). Interestingly, healthy children have higher levels of pro-inflammatory
cytokines in nasopharynx than children with recurrent AOM (219). There are some
indications of immune activation in children colonized with H. influenzae as they
have higher levels of cytokines in nasopharynx compared to non-colonized children
(219). Moreover, mouse experiments have shown that colonization with S.
pneumoniae results in influx of neutrophils into the mucosa (36). However, this
inflammatory response is insufficient for bacterial clearance and the bacteria
therefore remain in the nasopharynx (36). The high incidence of potential bacterial
pathogens in children might explain the observation that healthy children have
higher levels of IL-1p, TNF and IL-6 in nasopharyngeal secretions compared to
healthy adults (219).

Ascending of microbes into the middle ear cavity is associated with a strong
inflammatory response. Activation of the defence systems lead to secretion and
accumulation of fluid in the middle ear that contains large amounts of inflammatory
mediators and immune cells such as neutrophils (220). In the early phase of
infection the fluid in the middle ear is mainly derived from serum, whereas the
purulent otitis media exsudate contain locally synthesized components as well
(221). During infection the number of goblet cells increases and gland formation
occurs (222, 223). Animal experiments show that an enhanced secretory ability of
the middle ear mucosa persists six months after a single AOM episode (222).

Pneumococcal AOM is associated with more severe symptoms such as fever and
ear ache compared to AOM caused by H. influenzae or M. catarrhalis (204, 224),
whereas H. influenzae often cause bacterial conjunctivitis in conjunction with
AOM (204). AOM due to H. influenzae often affect somewhat older children than
otitis media caused by S. pneumoniae or M. catarrhalis (26, 204), and non-typeable
H. influenzae is also more commonly isolated from children with recurrent AOM
compared to the other middle ear pathogens (26, 225). However, there are
considerable overlaps between the clinical presentations of AOM and the bacterial
etiology, and the only way to verify a microbial agent in AOM is to perform
tympanocentesis.

Sometimes spontaneous perforation of the tympanic membrane occurs. S.
pneumoniae is more often cultured from spontaneous perforated AOM than the
other pathogens (204, 226). S. pneumoniae may also cause acute mastoiditis, which
is a serious infection in the temporal bone of the skul, and a rare complication in
Sweden (227).
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Cytokines in middle ear fluids

The presence of cytokines in relation to bacterial pathogens in middle ear fluid has
been studied. Middle ear fluid was collected after tympanocentesis, and patients
with tympanostomy tubes or spontaneous perforation of the tympanic membrane
were excluded. Interestingly, the levels of IL-13, TNF, and IL-8 were significantly
higher in middle ear fluids positive for bacterial pathogens by culture compared to
culture-negative samples (228-230). In contrast, no significant differences in IL-6
levels between culture-positive and culture-negative samples could be shown (231).
After 3-4 days the levels of IL-1p were significantly decreased irrespective of
bacterial findings in the fluid (228).

No previous study has related cytokine levels in middle ear fluids to bacteria
detected by PCR. Nor have inflammatory mediators been measured in middle ear
fluids from AOM patients with spontaneous perforation of the tympanic membrane.

Treatment

Treatment recommendations against AOM vary worldwide. In Sweden, children
under the age of two years are always recommended antibiotic treatment. Since
AOM show high rates of spontaneous resolution, expectation can sometimes be
sufficient in children above two years. However, antibiotic treatment is indicated
when the tympanic membrane has ruptured.

The role of viruses in AOM

There is no question that viral infection paves the way for bacterial otitis media, but
whether the presence of viruses in the middle ear fluid plays a role in the
pathogenesis is less clear. By using culture and/or antigen detection, virus has been
detected in in approximately 20% of middle ear fluids from AOM children (107).
With PCR techniques, this rate increases considerably (232). However, the clinical
significance of virus detected only by PCR is questioned, as it may be “too
sensitive” a technique. For example, the cytokines IL-1p3, TNF, IL-6 and IL-8 are
all markedly elevated in nasal secretions in children during acute viral respiratory
tract infections (233). The cytokine levels correlate with the severity of symptoms
(234, 235), and nasopharyngeal IL-1B levels have been reported to be higher in
children who developed AOM during upper respiratory tract infections compared to
those who did not (236). IL-1B and IL-6 levels were also higher in infectious
nasopharyngeal secretions containing virus detected by conventional culture and
antigen tests compared to virus detected by PCR technique (236). Similarly, AOM
development during viral upper respiratory tract infection correlated better with
viral findings using culture than PCR (209).

Viruses are sometimes detected in AOM effusions without evidence of concomitant
bacterial presence (237). Whether they can cause AOM by themselves is not
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known. An alternative explanation is that the bacteria causing the AOM episode are
dead and therefore not detected by culture.

Viruses may prolong the duration of symptoms and prevent resolution of AOM.
Associations between treatment failure of bacterial AOM and the presence of virus
in middle ear fluid have been reported (238, 239). Penetration of antibiotics into the
middle ear cavity in chinchillas was reduced in viral and mixed viral-bacterial
infections compared to infections caused by bacteria alone (240), and the same
tendency was seen in children with AOM (241). Histamine, IL-8 and leukotriene
B4 have all been measured in higher amounts when virus coexists with bacteria in
middle ear fluids (242, 243). The presence of virus in the effusion might stimulate
local production of inflammatory mediators, which could contribute to the
prolonged symptoms and reduced concentrations of antibiotics seen in middle ears
infected with both virus and bacteria.

Secretory otitis media

Secretory otitis media (SOM), also called otitis media with effusion, is defined as
the presence of fluid in the middle ear without signs or symptoms of an acute
infection (244). The inflammatory cells in the middle ear effusion are dominated by
macrophages, reflecting the chronic condition of secretory otitis media (104).
Persistent middle ear fluid may lead to hearing loss due to decreased mobility of the
tympanic membrane. In children this may affect language development and
behaviour. SOM may appear spontaneously due to poor Eustachian tube function,
or as a sequel to AOM (245). About 90% of children have experienced at least one
episode of SOM before school age, most often between ages 6 months and 4 years
(245). The condition most often resolves spontaneously, but 5-10% remains one
year or longer (245). Children with SOM are generally observed clinically for three
months or longer before interventions are considered, usually insertion of
tympanostomy tubes during general anaesthesia.

Longstanding SOM impose morphological changes in the middle ear mucosa.
Goblet cells proliferate and their secretiory activity is enhanced. Mucous glands
may appear (222, 223), and the gland density may be high in long-standing SOM
(246).

By using PCR, bacterial DNA from S. preumoniae, H. influenzae and M.
catarrhalis are detected in up to 80% of the SOM cases (247, 248). As the
detection rate of bacteria by culture usually is strikingly lower in SOM than in
AOM, and as SOM is rather unresponsive to antibitotic treatments, a biofilm
hypothesis has been put forward. A biofilm is a highly organized network of
aggregated bacteria surrounded by an extracellular matrix that is usually adherent
to a surface (249). Biofilms provide resistance to host defences such as
opsonization and phagocytosis (250). There is some evidence of biofilm formation

38



in the middle ear mucosa of children with longstanding SOM as well as in children
with recurrent otitis media including cases where culture was negative and PCR
positive for a bacterial pathogen (251, 252). S. pneumoniae, H.influenzae and M.
catarrhalis all have the capacity to form biofilms in vitro as well as in vivo (249).
Bacteria appear to have certain phenotypic characteristics when living within a
biofilm. Sialylation of LOS H.influenzae has been found to promote biofilm
formation (15). Moreover, the expression of phophorylcholine in LOS might
influence the early inflammatory response and biofilm formation upon ear infection
with H. influenzae (253). Since experimental bioforms a formed rather rapidly after
bacterial challenge, biofilms might be present also in acute otitis media (249).

Probiotics in upper respiratory tract infections

Probiotics are defined as “live microorganisms which when administrated in
adequate amounts confer a health benefit on the host” (254). Probiotics have been
used as dietary supplements for decades, and many human studies have tested the
efficacy of probiotics in various conditions, foremost diseases in the
gastrointestinal tract (255). However, less is known about the role of probiotics in
upper respiratory tract infections. In a recent systematic review regarding the
effects of probiotics, it was concluded that orally administered probiotics may
reduce the severity of symptoms in respiratory tract infections, but not necessarily
reduce the incidence of diseases (256). However, long-term dietary ingestion of
probiotics was showed to reduce both the incidence and duration of cold and
influenza-like symptoms in children (257).

Different species of the Lactobacillus genera are among the most common bacteria
used in probiotics. Although the probiotics are administered orally in most studies,
there are a few investigations in which probiotic bacteria are applied locally by
spray treatment. By this regime, viridans streptococci have been shown to reduce
recurrences of pharyngotonsillitis due to group A B-hemolytic streptococci (258,
259). Nasal spray treatment with viridans streptococci also reduced the recurrence
rate of AOM in children. Moreover, fewer children in the spray treatment group
developed SOM in the aftermath of infection compared to children receiving
placebo (260). The study did not investigate whether spray treatment has any effect
on the middle ear fluid in established secretory otitis media.
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AIMS

The aims of this thesis were:

- to investigate whether the dichotomy in cytokine pattern in response to
Gram-positive and Gram-negative bacteria follows or crosses taxonomic
borders.

- to study whether autolysis of the Gram-positive bacterium Streptococcus
pneumoniae influences the cytokine levels induced by intact bacteria.

- to investigate if the cytokine response in middle ear infections differs
between infections caused by Gram-positive and Gram-negative bacteria,
respectively.

- to study if nasal spray treatment with certain Gram-positive bacteria can
induce clinical recovery in patients with secretory otitis media.
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MATERIAL AND METHODS

Bacteria (I, II, 111)

To study cytokine responses to different Gram-positive and Gram-negative bacteria
in relation to taxonomic relatedness, 14 Gram-positive and 23 Gram-negative
bacterial species from five phyla of medical interest were used. The strains were
derived from different culture collections (ATCC, CCUG and VPI) and are all
listed in Table 1, paper 1. Seven strains of L. monocytogenes of different serovars
were also used; four of which were human clinical isolates and three of food related
origins. In addition, a S. mitis strain (CCUG) was used as a Gram-positive control.
The strains were cultured on suitable media under optimal conditions, washed and
adjusted to the same concentration according to a protocol used earlier with minor
modifications (198). Thereafter, the bacteria were UV-inactivated, which was
confirmed by negative viable count. The S. pneumoniae (n=3), H. influenzae (n=3)
and M. catarrhalis (n=1) strains used for stimulation of human monocytes in vitro
(paper III) were all isolated from AOM patients in the same study. These clinical
strains were prepared similarily as the bacteria described above.

In paper 11, the cytokine production was studied in response to intact pneumococci
and pneumococci allowed to autolyse. For this purpose the virulent strain S.
pneumoniae D39 (D39 WT), its pneumolysin-deficient mutant (D39 PLY-) and
autolysin-deficient mutant (D39 AL-) were used. In addition, three clinical S.
pneumoniae isolates from CCUG, of which one was non-encapsulated, as well as
five clinical AOM isolates from study III were utilized. Seven oral viridans
Streptococcus strains from different culture collections were also used for
comparisons of cytokine inducing capacities. The S. pneumoniae strains were
cultured in broth to late log phase, with or without the autolysin inhibitor choline
chloride. After washing, the bacteria were adjusted to the same concentrations and
UV-inactivated, which was confirmed by negative viable count. At least 80% of
pneumococci allowed to autolyse were fragmented, while the majority of autolysis-
inhibited bacteria remained intact.

Preparation and in vitro stimulation of human blood mononuclear
cells (1, 1, 1)

The capacity of different bacteria to induce cytokine production in vitro was
studied on peripheral blood mononuclear cells (PBMC), according to a slightly
modified protocol used earlier at the laboratory (198). The cells were prepared from
blood-donor buffy coats by density gradient centrifugation, washed and adjusted to
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the same concentration. The PBMC were incubated with UV-inactivated bacteria of
different defined concentrations for 24 hours or 5 days.

Assessment of inflammatory mediators (1, Il, lll, IV)

Cytokines were measured in the supernatants after bacterial stimulation of PBMC
for 24 h (IL-1B, TNF, IL-6, IL-8, IL-10, IL-12) or 5 days (IFN-y) by in-house
ELISAs, extensively used by several researchers at our and neighbouring
departments (261). The levels of PGE, were measured after 24 h of incubation by
using a commercial Enzyme Immunoassay (EIA) system.

Phagocytosis assay (I, Il)

To measure phagocytosis, PBMC, prepared from blood-donor buffy coats by
density gradient centrifugation, were incubated with bacteria for 30 min. A few
Gram-positive species (L. casei, L. monocytogenes and S. salivarious) were
incubated with PBMC for 16 h as well. After washing, the cells were spun onto
glass slides, stained and examined in the microscope. The average number of
surface-associated or internalized bacteria per monocyte was determined by
counting at least 40 monocytes in the microscope.

Patients with acute otitis media (AOM) (lll)

47 children visiting an ear, nose and throat clinic (Lundby Hospital, Gothenburg,
Sweden) between January 2004 and May 2005 due to spontaneous perforated AOM
were included in the study. The ages of the children ranged from 4 months to 14
years, but the median age was just over two years (Table 2). The perforation of the
tympanic membrane occurred no more than 24 h before clinical examination was
performed. Patients with chronic otitis media or tympanostomy tubes were
excluded. During clinical examination, the fluid in the ear canal was sucked up in a
container and the tube was flushed with sterile NaCl. Culture was performed
bedside, while the remaining middle ear fluid was freezed for later assessment of
inflammatory mediators and detection of microbes by PCR (see below). The study
was approved by the Ethics Committee at the University of Gothenburg, Sweden.

Patients with secretory otitis media (SOM) and controls (IV)

60 children who were scheduled for surgery with insertion of tympanostomy tubes
due to secretory otitis media (SOM) were included in this pilot study (Table 2). The
principal aim of the double-blind, placebo-controlled study was to investigate the
effects of nasal spray treatment with viridans streptococci or lactobacilli on SOM.
The children were between one and eight years old (median 32 months) and had
been followed clinically at the Lundby ear, nose and throat clinic in Gothenburg for
at least two (median 6) months due to SOM. Exclusion criteria were severe
underlying disease, immune deficiency, valvular heart disease or congenital heart
defects, sore mucosa, antibiotic treatment within the last month, or upper
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respiratory tract infection in the week preceding recruitment. Nineteen children (1-
6 years of age, median 40 months) without infection or middle ear disease, operated
on for other reasons (mostly ankyloglossia) served as non-treated controls. The
study was approved by the Ethics committee at the University of Gothenburg.

Table 2: Patients recruited in the AOM and SOM studies, respectively.

AOM SOM
Treatment - S. sanguinis L. rhamnosus  Placebo  Controls
Age
(months, median) 26 36 3 32 38
No. included 47 20 20 20 19
No. excluded 0 1 2 3 -
Remaining for 19 18 17 19
evaluation
MEF collected 47 12 12 11 -

Study design SOM probiotic study (IV)

The overall study design is showed in Figure 8.

Day 0:

Clinical examination by otomicroscopy was performed at inclusion. A
nasopharyngeal sample was obtained by a swab for assessment of bacterial flora
and inflammatory mediators. After culture, the nasopharyngeal fluid was kept in
freeze for later analysis of inflammatory mediators. The patients were randomized
for treatment with S. sanguinis, L. rhamnosus or placebo for 10 days.

Day 10:

The effects of the probiotic spray were evaluated by otomicroscopy after 10 days of
treatment. All clinical examinations were performed by the same ear, nose and
throat specialist, who was blinded to the treatment of the patients. The clinical
outcome was defined as “no improvement” (no change in fluid level), “some
improvement” (slightly less fluid than at inclusion in at least one ear), “much
better” (significant less fluid and more air in the middle ear) or “cured” (no fluid
seen through the tympanic membrane). After clinical examination, the patients
were operated on with insertion of a tube into the tympanic membrane under
general anaesthesia. During surgery middle ear fluid was collected, and a
nasopharyngeal swab was taken for bedside bacterial culture and later assessment
of inflammatory mediators. Surgery was cancelled if the fluid had disappeared or
almost disappeared and the patient had no signs of negative pressure in the middle
ear. Acute infection presenting an anaesthetic risk was also a reason for cancelled
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surgery. In those children not operated upon, a nasopharyngeal sample was taken.
A nasopharyngeal swab was also used for bacterial culture and measurement of
inflammatory mediators in non-treated control children.

Study start
Day 0 Day 10
2 2 months L
(median Randomization to
6 months) treatment Clinical evaluation Surgery
S. sanguinis 20 patients 19 pat. | [14 pat.
L. rhamnosus 20 patients 18 pat. | |12 pat.
Placebo 20 patients 17 pat. | |11 pat.
v v vy
Clinical Clinical examination Clinical examination
examination  Nasopharynx sample Nasopharynx sample
l Surgery l
* Culture l * Culture
* Inflammatory MEF sample: . Inflar_nmatory
mediators « Culture mediators

* Bacterial PCR
* Inflammatory
mediators

Figure 8. Study design of the SOM study.
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Detection of microbes (lll, IV)

Culture

Semi-quantitative culture was performed bedside on diluted nasopharyngeal
secretions and middle ear fluids, respectively, from SOM patients, and from diluted
exsudates obtained from patients with spontaneous perforated AOM. A calibated
loop was streaked on suitable agar plates, which were transported within 4 hours to
the laboratory and incubated under optimal conditions. S. pneumoniae, H.
influenzae, M. catarrhalis, Group A streptococci, viridans streptococci (study IV)
and lactobacilli (study IV) were enumerated and identified using standard
bacteriological methods.

Bacterial PCR

Middle ear fluids from AOM and SOM patients were analysed by PCR for
detection of S. pneumonae, H. influenzae and Moraxella spp. The extraction and
preparation of DNA was performed by using a commercial preparation kit, with
minor modifications for reliable digestion of the thick Gram-positive cell wall as
described elsewhere (262, 263). A duplex PCR assay was performed for
simultaneous detection of S. pneumoniae and Moraxella spp., and another PCR
assay for detection of H. influenzae. The primers were previously published as well
as the protocol, which we used with minor modifications (248). The sensitivity was
found to be approximately 10 bacterial cells, and the PCRs were considered
specific for S. pneumoniae and H. influenzae, while other Moraxella spp. than M.
catarrhalis could give positive results.

Viral PCR

Twenty-five MEFs from the AOM patients were analysed by multiplex real-time
PCR at the Viral Laboratory, Sahlgrenska University Hospital, Gothenburg, for the
presence of rhinovirus, coronavirus, influenza A and B, RSV, adenovirus,
metapneumovirus and enterovirus (264).

Statistical analyses (I, II, IlI, IV)

The overall cytokine pattern induced by 37 different bacterial species in paper I
was visualized by Principal component analysis (PCA) using the SIMCA-P
software (Umetrics, Umea, Sweden).

Further, Mann-Whitney test was performed for statistical analyses of the
differences in cytokine responses to the Gram-positive and Gram-negative bacteria
used in paper 1. The cytokine response of each donor to each of the 14 Gram-
positive strains was averaged, and compared to the average response to the 23
Gram-negative species. Mann-Whitney test was also used for comparison of the
inflammatory mediator levels between groups in the AOM study (paper III).
Moreover, the bacterial numbers and levels of inflammatory mediators were
analysed by this statistical method in the SOM study (paper IV).
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Wilcoxon matched pairs test was used in paper Il for comparisons of cytokine
responses in the experiments with autolysin-positive and autolysin-negative
bacteria. The paired test was also used in paper IV for comparisons of bacteria and
cytokines in nasopharynx before and after probiotic spray treatment.

Fisher’s exact test was used in the SOM study (paper 1V) for statistical analysis of
the clinical outcome in patients treated with viridans streptococci, lactobacilli or
placebo. Fisher’'s exact test was also used in this thesis to compare the bacterial
findings either detected by culture or PCR in middle ear fluids from SOM patients
with the bacterial findings in fluids from AOM patients.
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RESULTS

Cytokine production and taxonomic relatedness (Paper I)

14 Gram-positive and 23 Gram-negative bacterial strains from five different phyla
of medical interest were UV-inactivated and incubated with peripheral blood
mononuclear cells (PBMC) isolated from six blood donors. The levels of 1L-12, IL-
1B, TNF, IL-6, IL-8 and IL-10 were measured in the supernatants after 24 h,
whereas IFN-y was measured after 5 days of incubation. The results were analysed
by Principal component analysis (PCA) to show the overall cytokine response
pattern. In short, the PCA software performs a multivariate analysis of the data and
calculates new synthetic variables (principal components), which contains as much
variance as possible of that present in the material. The first principal component,
which represents most of the variance, is represented by the horizontal axis and the
second principal component by the vertical axis. Each of these dimensions is a
composite of several variables. The contribution of the original variables to these
synthetic variables appears in the loading plot (see below). It is, thus, possible to
discern which of the original variables that contributes to the separation of the
observations and which do not.

Principle component analysis, Gram-positive vs Gram-negative bacteria
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Figure 9
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Figure 9 shows the position of the 37 bacterial species with respect to the
composite cytokine pattern induced in the blood donors. As seen in the figure, the
bacteria form two distinct groups separated along the horizontal axis. Bacteria
belonging to the Actinobacteria and the Firmicutes phyla are positioned to the
right, while bacteria belonging to the phyla Proteobacteria, Bacteroidetes,
Fusobacteria as well as Firmicutes, are positioned to the left. Note, however, that
bacteria in the Firmicutes phylum are found both in the left and the right group.
The Bacteroidetes, Fusobacteria and Proteobacteria phyla contain only Gram-
negative bacteria, while the Actinobacteria phylum contain only Gram-positives.
The Firmicutes phylum contains both Gram-positive and Gram-negative bacteria.
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Figure 10

Figure 10 shows the same PCA pattern, but here the individual bacterial species
and their Gram-staining characteristic is shown; Gram-positive bacteria are marked
with dots and Gram-negative bacteria with stars, respectively. A striking pattern
emerges: practically all bacteria positioned to the right are Gram-positive, while the
left group contains mainly Gram-negative bacteria. Hence, Gram-negative bacteria
belonging to the Firmicutes phylum are positioned together with other Gram-
negative bacteria appearing to the left, while most Gram-positives in the Firmicutes
phylum are positioned to the right in the Gram-positive group.
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Principle component analysis, Gram-positive vs Gram-negative bacteria
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Figure 11

Figure 11 shows the variables (loadings) contributing to the position of the bacteria
in the PCA representation. IL-12, TNF and IFN-y are positioned to the right, while
IL-6, IL-8 and IL-10 are appearing to the left. Thus, the Gram-positive bacteria
obtain their position to the right in the diagram due to their strong tendency to
induce IL-12, TNF and IFN-y in PBMC, and their comparatively weak tendency to
induce IL-6, IL-8 and IL-10, while the Gram-negative bacteria are positioned to the
left because they induce much IL-6, IL-8 and IL-10, but comparatively little IL-12,
TNF and IFN-y. The further to the right a bacterium appears, the most pronounced
is its tendency to induce “the Gram-positive pattern of cytokines”, and vice vesa for
the Gram-negatives. Further, from the loading plot it is apparent that TNF and IFN-
v contains almost the same information, at least regarding the first two principal
components, which carry the absolute majority of information. This means that
they are highly correlated and a bacterium which induces much TNF also induces
IFN-y. This is quite interestingly, as we measure TNF after 24h, which means that
it is, in practice, monocyte-derived. IFN-y, on the other hand is produced by T (and
NK) cells and is measured after 5 days’ culture. Interestingly, IL-1p is separated
from the other cytokines. Hardly any relation exists between the ability of bacteria
to induce IL-1P and their Gram-staining pattern.

When analysing the cytokine levels induced by the 37 different bacteria, the Gram-
positive bacteria induced on average nine times more IL-12, seven times more [FN-
v, three times more TNF and 1.5 times more IL-1pB than did the Gram-negative
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bacteria. In contrast, the Gram-negatives induced three times more IL-10, twice as
much IL-8 and 1.5 times more IL-6 than did the Gram-positive bacteria.

Thus, irrespective of taxonomic position, Gram-positive bacteria induce more IL-
12, TNF and IFN-y than do Gram-negatives, which instead induce more IL-6, IL-8
and IL-10 than do Gram-positives. The capacity to induce IL-1p is unrelated to the
capacity to induce either the “Gram-positive” or the “Gram-negative” pattern.

Exceptions to the general cytokine pattern (Paper | and Il)

As shown in Figure 10, some bacteria diverge from the general Gram-positive and
Gram-negative pattern. The Gram-negative bacteria Centipeda periodontii,
Leptotrichia buccalis and Aggregatibacter actinomycetemcomitans appeared
separate from the Gram-negative group. They were all poor inducers of IL-6, IL-8
and IL-10 relative to other Gram-negative bacteria (Figure 1b in Paper I). Thus,
their position in the PCA pattern was caused by this deviation.

Another notable exception to the general cytokine pattern induced by Gram-
positive and Gram-negative bacteria was Listeria monocytogenes, which separated
distinctly from the other Gram-positive bacteria in the PCA analysis (Figure 10). L.
monocytogenes was found to be a very poor inducer of IL-12, [FN-y, TNF as well
as IL-1B, while the levels of IL-6, IL-8 and IL-10 were similar to those induced by
other Gram-positive bacteria (Figure la in Paper I). As this was an interesting
finding, we decided to investigate the inducing capacity of seven other L.
monocytogenes strains belonging to different serovars and with various origins.
Indeed, all Listeria strains that were tested were poor inducers of IL-12, IFN-y,
TNF and IL-1B while significant amounts of IL-6, IL-8 and IL-10 were produced
(Table 2, Paper I). Furthermore, no relation between cytokine pattern and serovar
or origin was seen.

IL-12 stimulates production of IFN-y, which synergizes with TNF to activate
bactericidal functions of phagocytes. Thus, I[L-12, IFN-y and TNF can be referred
to as phagocyte-activating cytokines. Streptococcus salivarius is in Figure 10
positioned furthest to the right and was found to be a strong inducer of phagocyte-
activating cytokines (Figure 1a in Paper I). The same pattern was seen when other
viridans streptococci were tested (Figure 1, Paper II). However, the virulent
Streptococcus pneumoniae, which is genetically very closely related to viridans
streptococci, was an exceptionally weak inducer of the phagocyte-activating
cytokines 1L-12, IFN-y and TNF. In contrast, the levels of IL-6, IL-8 and IL-10
were similar to the levels obtained by the other streptococci.

Thus, in contrast to other Gram-positive bacteria, L. monocytogens and
pneumococci are exceptionally poor inducers of phagocyte-activating cytokines.
Both these bacteria are recognized pathogens.

50



Pneumococci and autolysis (Paper Il)

Pneumococci have a tendency to undergo autolysis when reaching the stationary
phase of growth. This is mediated by enzymes called autolysins, which degrades
the peptidoglycan layer making up the bulk of the cell wall of Gram-positive
bacteria. The major autolysin in S. pneumoniae is called LytA. Since earlier studies
have shown that soluble bacterial cell wall components induce much less
phagocyte-activating cytokines than do intact Gram-positive bacteria (199, 200),
we hypothesized that autolysis may be responsible for the different cytokine pattern
obtained by pneumococci compared to other Gram-positive bacteria. To compare
the cytokine inducing capacity of pneumococci capable of autolysing with that of
intact pneumococci, seven clinical strains were grown in medium with or without
excess choline. Growth in high concentrations of choline is known to inhibit the
function of the pneumococcal autolysins (265). PBMC were incubated with intact
and fragmented bacteria, respectively, and cytokines were measured in the
supernatant. As shown in Figure 2B Paper II, intact pneumococci induced
significantly more IL-12, TNF and IFN-y than did fragmented pneumococci, while
similar (or higher) levels of IL-6, IL-8 and IL-10 were induced by intact and
fragmented bacteria. Similar results were seen when a mutant S. preumoniae strain,
prevented from undergoing autolysis by mutation in the LytA-gene, was compared
with the isogenic wild-type bacteria (Figure 2C Paper II).

During autolysis the intracellular toxin pneumolysin is released from the bacteria
and has toxic properties on cells (266). To exclude that pneumolysin was
responsible for the low production of phagocyte-activating cytokines in response to
autolysed pneumococci, a pneumolysin-mutant strain was compared with a wild-
type strain, both of which can autolyse. The cytokine pattern induced by these
strains was practically identical, which excludes pneumolysin as the cause of
blunted production of phagocyte-activating cytokines.

Intact pneumococci were admixed with graded concentrations of the corresponding
autolyzed bacteria and the mixture was incubated with PBMC. The results are
shown in Figure 3, Paper II. Interestingly, the production of IL-12, TNF and IFN-y
in response to intact bacteria was inhibited in a dose-depended manner when
fragmented bacteria were added. In contrast, the amounts of IL-6, IL-8 and IL-10
were unaffacted or increased when autolysed pneumococci were added. Practically
the same results were obtained when the mutant S. pneumoniae strain, incapable of
undergoing autolysis, was admixed with various concentrations of autolyzed wild-
type bacteria.

Thus, the presence of autolyzed pneumococci reduces the production of phagocyte-
activating cytokines (IL-12, TNF and IFN-y) in response to intact bacteria.

51



Phagocytosis assay (Paper |,l1l)

The cytokine response to different bacteria was studied in relation to phagocytosis
of that particular strain. After incubation with UV-inactivated bacteria for 30 min,
PBMC were spun onto microscope slides, stained and examined in the microscope.
More Gram-positive bacteria than Gram-negative bacteria were seen internalized at
this time-point, but the difference was not significant (p=0.32), and both Gram-
negative and Gram-positive species were among those bacteria that were most
readily phagocytosed. Further, the cytokine pattern induced by individual strains
was unrelated to the degree of phagocytosis of the strain in question.

Some bacteria were only bound to the monocytic surface, but not internalized by 30
min. In these cases, we investigated phagocytosis also after 16 h incubation with
PBMC. The rate of phagocytosis was highly increased for the Gram-positive
bacteria S. salivarius and L. casei, while few L. monocytogenes were internalized
even at this time-point. However, as many monocytes were in bad condition after
16 h, this time-point could not reliably be used for assessment of phagocytosis.

We also examined the consequences of autolysis for phagocytosis of .
pneumoniae. Wild-type pneumococci were poorly phagocytosed, which is a well-
known phenomenon related to their thick capsule. After 30 min incubation with
PBMC, no pneumococci were seen inside the monocytes. However, intact
pneumococci that were prevented from autolysis, bound in chains on the monocyte
surface. In contrast, wild-type pneumococci that could autolyse rarely interacted
with the cells. Futher, when equal amounts of intact and autolysed pneumococci
were added to the monocytes, the surface interaction of intact bacteria was
significantly reduced compared to the results obtained by interaction with intact
pneumococci alone. To better study the effects of autolysis on phagocytosis, we
used a capsule-negative S. pneumoniae strain, which was cultured in excess choline
to inhibit autolysis. In contrast to the encapsulated strains, capsule-negative intact
pneumococci were readily ingested by monocytes. When this strain was allowed to
autolyse, however, phagocytosis was significantly reduced. The same inhibition of
phagocytosis was seen when encapsuled, autolyzed pneumococci were admixed
with intact, capsule-negative pneumococci.

Thus, Gram-positive and Gram-negative bacteria are, in general, phagocytosed to
the same degree. Wild-type pneumococci and L. monocytogenes were very poorly
phagocytosed. Moreover, fragmented pneumococci appear to block access of intact
bacteria to the monocyte surface and phagocytosis.
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Microbial findings in middle ear fluids from patients with
spontaneous perforated acute otitis media and secretory otitis
media (Paper Ill and IV)

Middle ear fluid was collected from 47 children with spontaneous perforated
tympanic membrane due to acute otitis media (AOM). Middle ear fluids were also
collected from 35 children who were operated on for insertion of tympanic tubes
due to longstanding middle ear effsuin in secretory otitis media (SOM). These
children participated in a pilot study investigating treatment with probiotic nasal
spray to resolve the long-standing exsudate (see below). Diluted middle ear fluid
was cultured bedside and thereafter frozen for later analysis of microbe nucleotides
and inflammatory mediators.

The bacterial pathogens found in the exsudates are shown in Table 3. In AOM,
culture was positive in 47%, and PCR only little improved detection rates. Thus, a
surprisingly high proportion of samples were negative regarding bacteria by both
methods. S. pneumoniae and H. influenzae were the most common pathogens
detected by culture, 23% and 21%, respectively (one sample contained both S.
pneumoniae and H. influenzae). All culture-positive samples were also positive by
PCR except one sample containing pneumococci. In addition, group A streptococci
was found by culture in one single sample, whereas PCR was not designed to detect
this pathogen. In seven culture-positive samples, the PCR detected not only the
bacteria found by culture in each sample, but also another one or two bacterial
pathogens.

Table 3: Bacterial pathogens detected by culture or PCR in middle ear fluids from
patients with acute otitis media (AOM) or secretory otitis media (SOM),
respectively.

Positive S. p. H. i M. c. GAS >1 pathogen
(%) (%) (%) (%) (%) (%)
AOM Culture
a7y 2D 10@D 919 12.1) 12.1) 1(2.1)
PCR
(n=47) 24 (51) 6(13) 6 (13) 2(4.3) N.a. 10 (21)
SOM  Culture
(n=34) 12(35) 2(5.9) 5(15) 4 (12) 0 1(2.9)
PCR
(n=32) 24 (75) 2(6.2) 6(19) 9(28) N.a. 7(22)

N.a.= not applicable, S. p.= S. pneumoniae, H. i. = H. influenzae, M. c. = M. catarrhalis, GAS = group A B-hemolytic
streptococci
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In SOM, middle ear effusions were culture-positive in 35%, while the detection rate
increased to 75% by PCR (p=0.0015). Thus, significantly more SOM than AOM
middle ear fluids were PCR positive for bacterial pathogens (p<0.05). Moreover,
Gram-negative bacteria were more often detected in SOM than AOM middle ear
fluids using PCR for detection (p<0.05). This difference in pathogen distribution
between AOM and SOM effusions could not be shown when the bacteria were
detected by culture (p=0.61).

Bacterial AOM is often preceded by a viral upper respiratory infection. Twenty-
five exsudates from spontaneously perforated AOM were analysed by PCR for the
presence of common upper respiratory viruses. Viral DNA was detected in 20% of
the samples, namely rhinovirus (n=4) and coronavirus (n=1). These samples were
also culture positive for H. influenzae and/or S. pneumoniae.

Thus, in acute otitis media, culture was negative in half of the cases and this was
only marginally improved by PCR. In secretory otitis media, PCR detected a high
rate of bacteria and Gram-negative pathogenic bacteria were more often detected
than in acute otitis media.

Inflammatory mediators in relation to microbial findings in MEF

Inflammatory mediators in middle ear fluids from patients with spontaneous
perforated AOM and longstanding SOM were measured and related to the presence
of pathogens detected by culture and/or PCR.

As shown in Figure 12, the levels of IL-1p and IL-8 were significantly higher in
effusions that contained live, cultureable bacteria than in culture-negative samples.
This was true for both AOM and SOM. The most pronounced difference between
culture-positive and culture-negative fluids was seen for IL-1p. In exsudates from
AOM patients, IL-1p levels were 11 times higher in those exsudates from which
bacteria could be cultured, compared to exsudates devoid of cultureable bacteria
(median 110 vs <7.5 ng/ml), and the same pattern was seen in SOM (median 11 vs
1.8 ng/ml). TNF and IL-10 levels were also higher in culture-positive AOM
samples compared to culture-negative. IL-10 was elevated in culture-positive SOM
samples as well; however, there was no statistically significant difference between
culture-positive and culture-negative samples. The presence of dead bacteria as
represented by negative culture and positive PCR were associated with elevated
cytokine levels in a few cases, but not in the majority (Figure 1, Paper III and
Figure 3, Paper 1V).

PGE, were found in equally high levels in both culture-positive and culture-
negative AOM and SOM samples. The same results were obtained for IL-6 in
AOM samples. In contrast, significant higher levels of IL-6 were shown in culture-
positive SOM samples compared to negative samples (Figure 12).
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Figure 12: The levels of inflammatory mediators in culture-positive (+) and
culture-negative (-) middle ear fluids from patients with acute otitis media (AOM)
or secretory otitis media (SOM). Cytokines were also measured after in vitro
stimulation of peripheral blood mononuclear cells (PBMC) with optimal
concentrations of UV-inactivated AOM bacterial pathogens.
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Inflammatory mediators in AOM and SOM samples

The duration of disease was short before sample collection in perforated AOM.
Conversely, SOM had been ongoing for at least two months (median 6 months)
before middle ear fluid was collected and analyzed. Furthermore, Gram-negative
bacteria dominated in SOM. When comparing the levels of inflammatory mediators
in culture-positive acute and secretory otitis exsudates, the levels of the pro-
inflammatory cytokines IL-1B, TNF and IL-8 as well as PGE, were 2-3 times
higher in AOM as compared to SOM (p<0.05) (Figure 12). In contrast, twice as
much IL-10 was measured in SOM fluids compared to AOM exsudates (p<0.05).
The levels of IL-6 were equally elevated in both diseases.

Inflammatory mediators in relation to microbes

As shown in Paper I and in earlier studies, Gram-positive bacteria induce higher
levels of TNF in vitro compared to Gram-negatives, which instead induce more IL-
6, IL-8, IL-10 and PGE, (200-202). To investigate if this pattern also were true for
the cytokine pattern in otitis media, levels of inflammatory mediators in fluids
containing S. pneumoniae or group A streptococci were compared with those in
effusions containing H. influenzae or M. catarrhalis. However, no statistically
significant differences in mediator levels between fluids containing Gram-positive
or Gram-negative bacteria could be seen. This was true for both acute and secretory
otitis media, and regardless of whether bacterial presence was determined by
culture or PCR (data not shown). The presence or absence of virus did not
influence the levels of inflammatory mediators in the middle ear fluids (data not
shown).

Inflammatory mediators in AOM and SOM fluids compared to in
vitro responses

We compared the cytokine levels from culture-positive middle ear fluids with those
obtained by in vitro stimulation of PBMC with optimal doses of UV-inactivated S.
pneumoniae, H. influenzae and M. catarrhalis. IL-6 and TNF could be induced in
equally amounts in vitro as those seen in middle ear exsudates (Figure 12). In
contrast, IL-1P and IL-8 levels were on average 11 and 3.5 times higher in AOM
samples than could be induced in vitro (p<0.01). However, in SOM samples, the
levels of IL-1B were equal to those obtained by in vitro stimulation, and IL-8 levels
were actually lower in SOM samples compared to the levels induced in vitro
(p<0.5). Both in AOM and SOM samples, the IL-10 levels were lower than could
be produced in vitro, and the high in vitro results were mainly due to Gram-
negative stimulation (p<0.5).

Thus, in general, cytokine levels were higher in culture-positive middle ear fluids
compared to culture-negative fluids, and also higher in AOM than in SOM
effusions. The cytokine levels were not related to the presence of Gram-positive or
Gram-negative bacteria, respectively.
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Bacteriotherapy in children with SOM (Paper V)

Sixty children with longstanding SOM were randomised to nasal spray treatment
with the Gram-positive bacteria S. sanguinis or L. rhamnosus, or placebo for 10
days prior to scheduled insertion of a plastic tube through the tympanic membrane.
Clinical examination was performed at inclusion and after 10 days of treatment.
Nasopharyngeal secretions were collected before and after treatment for analysis of
bacteria and inflammatory mediators. Moreover, during surgery, middle ear fluid
was collected for microbial and immunological analyses. Six patients were
excluded due to AOM development or non-compliance and were not evaluated.
Nineteen children operated for other reasons served as healthy controls.

Clinical effects of spray treatment

Clinical evaluation of the spray treatment was performed after 10 days of treatment
by an experienced ear, nose and throat specialist, blinded regarding the treatment of
the patient. The clinical examination included assessment of the amount of middle
car fluid as seen by otomicroscopy. In the S. sanguinis treatment group, 7/19
children were “much better” (i.e. had significantly less fluid and more air in the
middle ear compared to base-line) or “cured” (no remaining fluid), compared to
1/17 patients in the placebo group (p=0.044) (Table 2, paper IV). Since another two
patients showed “some improvement”, 9/19 patients treated with S. sanguinis
improved clinically compared to 3/17 in the placebo group (p=0.083).

Of the children treated with L. rhamnosus, three patients were “cured” or “much
better” (p=0.60 compared with placebo) and another six patients showed “some
improvement”. Thus, 9/18 of the children in the L. rhamnosus treatment group
were clinically improved (p=0.075 compared with placebo).

Bacterial flora in nasopharynx

A nasopharyngeal swab was obtained before and after 10 days of nasal spray
treatment for culture of bacteria. In addition, nasopharyngeal culture was performed
in 19 children without infection or middle ear pathology. There were no differences
in the frequency of pathogens detected in the nasopharynx from children with SOM
compared to healthy controls (Figure 2, Paper IV). However, the population
numbers of M. catarrhalis were significantly higher in diseased children compared
to controls (p=0.012), while healthy children tended to have more viridans
streptococci (p=0.19). In none of the children treated with S. sanguinis could that
particular strain be isolated from nasopharynx after treatment. In contrast,
lactobacilli were found in a third of the patients treated with L. rhamnosus, but
isolation of the probiotic strain was unrelated to clinical improvement. The
presence of potential pathogenic bacteria (S. prneumoniae, H. influenzae and M.
catarrhalis) in nasopharynx was not changed after spray treatment.
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Bacterial pathogens in middle ear fluids in relation to spray
treatment

Bacterial pathogens were detected in middle ear fluids by culture and PCR and the
results were related to the spray treatment. Children treated with probiotic spray
and placebo had very similar pathogen findings. However, clinical improvement
seemed to be related to eradication of bacteria. Cultures from patients with
complete or partial clinical improvement were positive for S. pneumoniae, H.
influenzae or M. catarrhalis in 17% of the cases as compared with 45% of patients
with no improvement (p=0.14). The results were similar by using PCR: 58% of the
MEFs from children with improvement contained pathogens compared to 85%
from children without improvement (p=0.12).

Inflammatory mediators in nasopharynx and middle ear fluids in
relation to treatment

Inflammatory mediators were measured in nasopharyngeal secretions of healthy
controls and from children with SOM before spray treatment. IL-8, IL-1B and PGE,
could be detected in the nasopharyngeal fluid and the levels were similar in both
groups. In the L. rhamnosus group, the levels of IL-8 increased significantly after
treatment, and IL-1B and PGE, levels tended to increase as well. However, the
levels of inflammatory mediators in nasopharynx were unrelated to clinical
improvement.

Thus, nasal spray treatment with viridans streptococci seem to decrease middle ear
fluid in children with SOM, but the mechanism remains to be elucidated.
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DISCUSSION

Based on the structure of the cell wall, bacteria are divided into Gram-positive and
Gram-negative bacteria. Gram-positive bacteria have a thick and sturdy cell wall,
while the cell wall of the Gram-negatives is thin and surrounded by an outer
membrane with LPS or LOS. Upon bacterial stimulation, monocytes and
macrophages produce a wide range of inflammatory mediators. Earlier in vitro
studies, using seven Gram-positive and Gram-negative species, have shown that
mononuclear cells produce much more IL-12, TNF and IFN-y in response to Gram-
positive bacteria compared to Gram-negative bacteria (200, 202). Instead, more IL-
6, IL-8 and IL-10 were produced in response to Gram-negative compared to Gram-
positive bacteria (200, 202). These bacteria were derived from the Actinobacteria,
Firmicutes and the Proteobacteria phyla. Whether bacteria from other phyla also
induce cytokines according to this pattern is not known. Moreover, the bacterium
Veillonella parvula, belonging to the “Gram-positive” phylum Firmicutes, induced
considerable amounts of IL-12, although being Gram-negative (200). This
prompted us to investigate the cytokine response to more bacteria belonging to the
Firmicutes phylum as well as from other phyla of medical interest.

In total 37 Gram-positive and Gram-negative species from five different phyla were
studied and the generalizability of the previous observed cytokine pattern was
confirmed. We could also show that the tendency of Gram-positive and Gram-
negative bacteria to induce different cytokine patterns crosses taxonomical borders.
Hence, in general, Gram-positive bacteria from different phyla induce more 1L-12,
TNF and IFN-y than Gram-negatives. Hardly any IL-12 was induced by the Gram-
negative bacteria, including those belonging to the Veillonellaceae family in the
Firmicutes phylum.

IL-12, TNF and IFN-y may together be referred to as phagocyte-activating
cytokines. IL-12, produced by monocytes/macrohages stimulates IFN-y production
and increases the cytotoxic activity of T cells and NK cells (185). IFN-y, in turn,
stimulates monocytes/macrohages to produce more 1L-12 (the IL-12/ IFN-y loop).
IFN-y also enhances bactericidal mechanisms in macrophages together with TNF
(187). This cell mediated immunity has since long been regarded as critical in the
defence against intracellular pathogens (192, 267, 268). However, the phagocyte-
activating cytokines IL-12, TNF and IFN-y also seem important in the host defence
against extracellular Gram-positive bacteria, such as S. aureus (194), group B
streptococci (195) and S. pneumoniae (196, 269-271). The enhance killing capacity
of macrophages, provided by the phagocyte-activating cytokines, may be necessary
for digestion of the thick and sturdy cell wall of Gram-positive bacteria, which may
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contain up to 50 layers of peptidoglycan, compared to one or very few layers in
Gram-negative bacteria.

Phagocytosis has also been shown to be crucial for the production of IL-12 in
response to lactobacilli and bifidobacteria, respectively (199, 272). When
phagocytosis was blocked by the action of cytochalasin, the IL-12 production was
reduced in a dose-depended manner (199). In the absence of specific antibodies
encapsulated pneumococci are resistant to phagocytosis, and the IL-12 levels
measured in our study in response to intact pneumococci were also much lower
than those induced by other Gram-positive bacteria. Instead of being phagocytosed,
intact pneumococci were seen interacting with the monocyte surface. An intact
non-encapsuled pneumococcal strain, which was readily phagocytosed, induced
almost three times more IL-12 than an intact encapsuled pneumococcus strain,
which strengthens the hypothesis that internalization of Gram-positive bacteria is
necessary for their induction of IL-12.

Receptor activation and cytokine induction by intact bacteria may occur on the
extracellullar surface of the macrophage, but also after phagocytosis inside the
phagosome. TLR2 is believed to play an important role in the host defence against
Gram-positive bacteria (146-148), and active recruitment of TLR2 to phagosomes
containing microbes has been showed (137). Thus, our results suggest that the main
trigger of IL-12 production is phagocytosed intact Gram-positive bacteria, localized
to the phagosome. The receptors may be coupled to different signalling pathways
when present in the phagosome membrane than when present in the cytoplasmatic
membrane.

The immune response to some Gram-positive bacteria differed from the general
pattern. Listeria monocytogenes and Bacillus cereus were particularily poor
inducers of the phagocyte-activating cytokines IL-12, TNF and IFN-y.
Interestingly, in contrast to other Gram-positive bacteria, B. cereus and L.
monocytogenes both contain meso-DAP instead of lysine in their peptidoglycan
stem peptide (6). Meso-DAP containing peptidoglycan, present in Gram-negative
bacteria, is sensed by the intracellular receptor NOD1, whose activation leads to
transcription of inflammatory associated genes. In a recent study, activation of
NOD1 was associated with chemokine production and neutrophil recruitment,
whereas TNF, IL-12 and IFN-y were not induced (273). However, if one supposes
that production of IL-12 is induced by activation of receptors common for both
Gram-positive and Gram-negative bacteria, stimulation of NODI1 by Gram-
negative peptidoglycan could induce active inhibition of IL-12 production and
thereby reduced cell mediated immunity. This could be beneficial for the
intracellular pathogen L. monocytogenes. However, it has recently been shown that
bacterial load and survival of L. monocytogenes was increased in NOD1 deficient
mice (274).
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L. monocytogenes is a food-borne pathogen capable of causing meningitis and
sepsis in newborn, elderly and immunocompromised patients, as well as severe
fetal infections in pregnant women. L. monocytogenes enters cells by phagocytosis
or induced uptake in non-phagocytic cells, including enterocytes and hepatocytes
(275). Replication is restricted to the cytosol, and the bacteria therefore need to
escape from the phagosome after phagocytosis. This is mediated by the pore-
forming toxin listeriolysin O, which is a major virulence factor of L.
monocytogenes (276). Interestingly, listeriolysin O deficient bacteria fail to active
caspase-1 and release of IL-1p via NALP3 inflammasome formation (277). In our
assay, bacteria were UV-inactivated, and the Listeria strains used in our study
should be functionally devoid of listeriolysin O. This is supported by the very poor
capacity of L. monocytogenes to induce IL-1p production in our assay. Mice devoid
of TLR2 have decreased ability to produce TNF and IFN-y in response to L.
monocytogenes (148). Moreover, production of TNF was completely abolished in
mice macrophages lacking MyD88, suggesting a crucial role for this protein (148).
CD14, known to be a co-receptor for TLR4, also seems to act together with TLR2
in the recognition of L. monocytogenes (278).

Various viridans streptococci were strong inducers of the phagocyte-activating
cytokines IL-12, TNF and IFN-y. However, S. pneumoniae, genetically related to S.
mitis, induced remarkably low levels of these cytokines. The failure to induce IL-12
was shown to depend on the action of the pneumococcal autolysin. Autolysins are
peptidoglycan hydrolysing enzymes which are involved in several fundamental
steps of the bacterial life cycle, such as cell cell wall turnover, cell division and
separation (279). Many Gram-positive bacteria possess autolysins, including B.
cereus and L. monocytogenes (280, 281), which, coincidentally, also gave the
lowest IL-12 response in our screening. The pneumococcal autolysins are shown to
be associated with enhanced virulence of the bacteria in animal models (53-55), but
the mechanism has not been elucidated. We demonstrated that pneumococci,
allowed to autolyse induced significantly lower levels of IL-12, TNF and IFN-y
than intact bacteria. This inhibition was independent of pneumolysin, which refuses
the proposed hypothesis that the virulence endowed by autolysin would be related
to its capacity to set pneumolysin free. Moreover, when fragmented pneumococci
were admixed with intact bacteria, we observed a dose-depended inhibition of the
phagocyte-activating cytokines. These results agree with earlier findings that Gram-
positive bacteria need to be intact to induce IL-12 production (199, 272), and that
soluble components of the gram-positive the cell wall, such as peptidoglycan, MDP
and LTA, do not induce any IL-12 (199, 200, 272) and even inhibit IL-12
production (199, 282).

We regard the capacity to generate fragments from decaying bacteria of low
viability as an important virulence mechanism that may explain why pneumococci
with the LytA gene are more virulent than strains without LytA.
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The mechanism of this IL-12 inhibition is not known. One part of the explanation
could be blocking of phagocytosis. We observed that pneumococci allowed to
autolyse were internalized at a significantly lower rate than intact bacteria and that
addition of fragmented bacteria blocked access of the intact pneumococci to the
monocyte surface and phagocytosis of a non-encapsulated strain.

It has been reported that NOD2 could be involved in the negative regulation of IL-
12 production by bacterial cell wall fragments (282, 283). The inhibition could also
be mediated, at least in part, by stimulation of TLR2 with bacterial fragments. The
inhibition of IL-12 production by peptidoglycan was mitigated in TLR2 deficient
macrophages compared with the inhibition in wild-type macrophages (282). A
proposed model for the regulation of IL-12 production is shown in Figure 13. We
suggest that the strongest trigger of IL-12 is phagocytosed intact Gram-positive
bacteria. Once the bacteria are killed there is no need for further activation of
bactericidal functions in the macrophage, and hence the IL.-12 production is turned
off. Bacterial cell wall fragments, released after digestion of the bacteria, are sensed
by intra- and/or extracellular receptors, but in contrast to intact bacteria, the
fragments fail to crosslink receptors and/or bind to accessory proteins, which
results in an inhibitory down-stream signal.

Po
- &

Figure 13: Proposed model for the production of IL-12 in response to intact Gram-
positive bacteria. Phagocytosed bacteria may induce IL-12 by crosslinking several
receptors and/or accessory proteins in the phagosome. Bacterial cell wall
degradant products could also be sensed by one or several receptors, but this
recognition leads to an inhibitory signal, perhaps due to abscence of receptor
cross-linking.
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Inhibition of cytokine production by bacterial fragments, as shown for the
phagocyte-activating cytokines, has not been observed for IL-6, IL-8 or IL-10.
Similar levels of IL-6 were produced in response to intact bifidobacteria as to
bacteria pre-treated with bacterial fragments (199). In our experiments with
autolysed pneumococci, similar or slightly increased levels of I1L.-6, IL-8 and IL-10
were produced when intact pneumococci were admixed with different
concentrations of autolysed bacteria.

This thesis confirms the earlier observation that Gram-negative bacteria generally
induce more IL-6, IL-8 and IL-10 from human monocytes than do Gram-positive
bacteria, and shows that this tendency was seen regardless of taxonomic divisions.
Gram-negative bacteria induced variable amounts of TNF and IFN-y, although
markedly lower levels than did most Gram-positive bacteria. The levels of IL-1p
also varied considerably between different Gram-negative species, whereas 1L-12
was practically not induced at all. Compared to Gram-positive bacteria, the Gram-
negative cell wall is thin, and is readily digested by activated neutrophils.
Therefore, there is no need for additional stimulation of the macrophage killing
capacity by the IL-12/IFN-y loop. Macrophage activation and IL-12 production is
potently inhibited by IL-10 (190), which is produced in large amounts in response
to Gram-negative bacteria.

The thin outer membrane is also susceptible to complement induced lysis, which
causes leakage of the intracellular contents and death of the bacteria. The
complement cascade is activated by direct binding of complement factors to the
bacterial cell wall or by binding to antibodies associated with the bacterial surface.
Important factors for killing Gram-negative bacteria is therefore activated
neutrophils, complement factors and antibodies. Neutrophils are recruited to the
infected tissue and activated by IL-8 (122, 123). Interaction of the neutrophils with
endothelial cells is facilitated by vasodilatation, promoted by PGE, (125), and the
expression of endothelial adhesins, promoted by IL-1p and TNF (118).
Complement factors are mainly produced in the liver and the production is
enhanced by the action of 1L-6 (129). IL-6 and IL-10 also promote production of
antibodies (130, 188). Thus, the cytokine profile induced by Gram-negative
bacteria mainly leads to activation of humoral defences and neutrophil recruitment.

LPS, located in the outer membrane, is the most important virulence factor of
Gram-negative bacteria. Interestingly, the levels of IL-6, IL-8, IL-10 and PGE,
induced by intact Gram-negative bacteria could be mimicked by stimulating
monocytes with LPS extracts (200-202). LPS is recognized indirectly by TLR4,
whose activation leads to production of several inflammatory mediators (155).

The Gram-negative bacteria Centipeda periodontii, Leptotrichia buccalis and
Aggregatibacter actinomycetemcomitans were separated from the other Gram-
negatives in the PCA plot, and were also shown to be poor inducers of 1L-6, IL-8
and IL-10 relative to other Gram-negative bacteria. C. periodontii is a bacterium
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belonging to the normal oral flora. It has been detected in endodontic infections,
but there was no relation to clinical symptoms, and the contribution of the
bacterium to disease is uncertain (284). The LPS of C. periodontii has been isolated
and characterized, and was found to induce strong immunobiological activities in
mice (285). L. buccalis also belongs to the normal oral flora and seldom causes
infections. It may cause invasive disease, but primarily in neutropenic patients. The
LPS of L. buccalis is much less potent than that of Escherichia coli, which might
explain the low pathogenecity of this species (286). 4. actinomycetemcomitans is
present in the normal oral flora as well, but is also associated with endocarditis, soft
tissue infections and periodontitis. Leukotoxin is one known virulence factor that
may contribute to disease (287). Thus, the ability to cause human disease differs
between C. periodontii, L. buccalis and A. actinomycetemcomitans, and other
factors besides the capacity to induce cytokines are most likely important in
virulence.

When 37 bacterial species were tested for the capacity to induce IL-1p in
mononuclear cells, slightly higher levels were obtained by Gram-positive bacteria
compared to Gram-negative. However, the variation in cytokine levels between
species was large, and PCA analysis revealed that the capacity of strains to induce
IL-1B was unrelated to the capacity to induce any other of the investigated
cytokines. The way IL-1B is produced also differs from the other cytokines
investigated in this study. Production of active IL-1f requires two separate signals:
one that initiates production of pro-IL-1p, and another that results in cleavage of
pro-IL-1p and subsequent secretion of active IL-1p from the cell (116). The first
signal is provided by microbes that stimulate TLRs and/or NODs leading to
activation of NF-kB and MAPKSs and production of pro-IL-1B. The other signal
may also be derived from microbes, but can also be an endogenous danger signal,
provided by stressed or necrotic cells. Activation by micobial or host danger signals
leads to formation of an inflammasome, a multiprotein complex, which recruits and
activates caspase-1. Activated caspase-1 cleaves pro-IL-1p to IL-1B which is then
secreted out of the cell by yet unknown mechansisms.

Exceptionally high levels of IL-1B were measured in culture-positive middle ear
fluids collected from children with spontaneously perforated acute otitis media
(AOM). These extremely elevated levels were also demonstrated when the cytokine
levels measured in middle ear effusions were compared to those obtained by in
vitro stimulation of human monocytes with otitis media pathogens. Perforation of
the tympanic membrane is associated with high degree of tissue damage and
necrosis of host cells. The high IL-1B levels could be the result of inflammasome
formation due to the activation by danger signals released from stressed and
damaged cells in the infected middle ear mucosa in general, and from the
perforated tympanic membrane in particular. However, perforation of the tympanic
membrane may also be the consequence of high IL-1p levels in the middle ear
fluid. IL-1B induces production of metalloproteases from fibroblasts and other
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tissue cells (288). The tympanic membrane is composed of a cuboidal epithelium
covering dense collagen-rich connective tissue, and metalloproteases are enzymes
capable of digesting collagen and other matrix proteins (135).

Beside IL-1p, the inflammatory mediators TNF, IL-6, IL-8, IL-10 and PGE, were
measured in exsudates from children with spontaneously perforated AOM. In
addition, middle ear fluids were collected from children with secretory otitis media
(SOM), participating in a study investigating the effects of probiotic treatment
against the longstanding middle ear exsudates. Several mediators, especially IL-18
and IL-8, were markedly elevated in effusions containing live, culturable bacteria,
as compared to culture-negative samples. IL-1p has previously been shown to be
higher in culture-positive than culture-negative middle ear fluids from patients with
AOM and SOM (228, 289), and the same has been shown for TNF and IL-8 in
AOM npatients (229, 230). We also showed that this was true in culture-positive
AOM samples compared to negative, and IL-6 levels in culture-positive than
culture-negative SOM samples.

IL-1PB levels were 11 times higher in samples containing live bacteria compared to
negative fluids. This exceptionally large difference in IL-1p levels has not been
shown elsewhere. We assume that all cases of AOM had a bacterial cause, but that
bacteria had been eliminated in the cases where the middle ear fluids were negative.
Either the IL-1pB levels had been equally high in the culture-negative fluids as long
as they contained live bacteria, but elimination of bacteria was followed by a rather
rapid reduction of cytokine levels. Proteases from neutrophils or metalloproteases
might be able to reduce the levels of cytokines. Alternatively, the culture-negative
fluids represented cases of otitis media caused by pneumococci that were autolyzed
and, hence, escaped detection. It is well known in clinical bacteriological practice,
that pneumococci are notoriously difficult to culture, due to their tendency to
undergo autolysis. In this case, the presence of pneumococcal fragments during
infection could counteract production of pro-inflammatory cytokines. The
inhibition of TNF by this mechanism is discussed above, as shown in the
pneumococcal autolysin study. Preliminary data also show that pneumococci are
poor inducers of IL-1B compared to related viridans streptococci, suggesting that
the production of IL-1B might be inhibited in the same way. Reduction of IL-8
could be a consequence of reduced IL-1p and/or TNF, as epithelial cells produce
IL-8 in response to IL-1p and TNF (123).

IL-6 levels were elevated in AOM effusions with no detectable bacteria and in
fluids with cultureable bacteria. Whereas acute inflammation is accompanied by
gross neutrophil influx, SOM effusions are dominated by macrophages (104). This
transition from a neutrophil to a mononuclear cell population is mediated by IL-6
(130). IL-6 inhibits production of IL-1B and TNF, favours the resolution of the
neutrophil infiltrate and directs the transition from innate to acquired immunity
(130, 131). Fragments from eliminated bacteria could perhaps stimulate continued
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IL-6 production. The capacity of fragments to induce IL.-6 has been showed by us
in this thesis, as well as in earlier work (199). IL-6, produced in response to live
bacteria before they were killed, might also remain in the middle ear fluid for a
longer period than the other cytokines. Earlier work on a rat pneumococcal AOM
model suggests a slow elimination of IL-6: While the production of IL-6 ceased
within 24 hours after initiation of the infection, the cytokine was observed in the
middle ear tissue at least five days later (290).

When further comparison between the levels of inflammatory mediators in AOM
versus SOM effusions was performed, it was shown that IL-1B, TNF, IL-8 and
PGE, levels were 2-3 times higher in AOM compared to SOM. These mediators are
all central for recruitment of neutrophils to the site of infection during the early
phase of infection. In contrast, twice as much IL-10 was measured in SOM
compared to AOM fluids. This might be a result of the Gram-negative bacterial
dominance seen in SOM. IL-10 inhibits cell mediated immunity, by down-
regulating macrophage activation and production of IL-12 and IFN-y (190).
Perhaps this down-regulation is disadvantageous for the resolution of SOM. Thus,
the differences in cytokine levels between AOM and SOM samples also reflect the
characteristics of AOM as an acute inflammatory disease, compared to the more
chronic condition of longstanding SOM.

When examining inflammatory mediators in ear infections to the findings of Gram-
positive vs Gram-negative bacteria in the middle ear fluids by culture or PCR, no
relation between the levels of inflammator mediators and Gram-staining pattern
was seen. Though not shown in the papers, IL-12 and [FN-y were also measured in
the AOM and SOM samples. IL-12 could not be detected at all, while a few
samples contained elevated IFN-y levels. The Gram-negative bacteria detected in
the exsudates were either H. influenzae or M. catarrhalis, while the Gram-positive
bacteria were almost solely S. prneumoniae (group A streptococci were found in a
single case). As we demonstrate in this thesis, pneumococci might be a bad choice
for showing a superior capacity of Gram-positive bacteria to induce IL-12, TNF
and IFN-y compared to Gram-negative bacteria. If S. pneumoniae behave in vivo,
as in vitro, autolysis of bacteria would generate bacterial fragments that efficiently
inhibit the production of IL-12, TNF and IFN-y, but can stimulate IL-6 production.
Accordingly, serum levels of IL-6 have actually been showed to be higher in AOM
caused by pneumococci than AOM casued by H. influenzae (291). In septic
patients, especially those with late septic shock, the levels of TNF were
significantly higher in patients with a pure Gram-negative infection, compared to
those with a pure Gram-positive infection (292). Of note is that S. pneumoniae
constituted a large fraction of the Gram-positive isolates in this study. Animal
models also show that pneumococcal infection is not associated with elevated
cytokine responses. For example, in an experimental rat meningitis model, no
differences in the mRNA expression of IL-12, IFN-y and IL-10 could be seen in the
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brains of rats inoculated with either H. influenzae type B or pneumococci, and IL-6
and TNF mRNA levels were lower in S. pneumoniae inoculated rats (293).

Bacteria could only be cultured in about half of the cases in middle ear fluids from
patients with spontaneous perforated AOM. This is a strikingly lower detection rate
than earlier studies, which report >80% recovery rates in AOM with spontaneous
perforation (226, 294). We could only slightly increase the detection rate of
bacterial pathogens by using PCR. In contrast, PCR increased the detection rate to
75% in the SOM samples, compared to 35% by culture. This agrees precisely with
earlier findings (247, 248). The difference in culture-positivity of AOM samples in
our study compared to previous studies could perhaps be explained by differences
in culture methods. However, even if the bacteria died during transport to the
laboratory, their DNA should be readily detected by PCR.

The absence of bacterial pathogen DNA in the AOM specimens is quite
remarkable. Could there be other bacteria not detected by our PCR that causes the
infection? The bacterium Alloiococcus otitidis is frequently detected by PCR in
AOM samples, but the clinical relevance is highly doubtful (295). Could viruses be
responsible for causing the cases of AOM that were negative for bacteria? Viruses
have been detected in high frequencies in middle ear fluids from AOM patients,
especially by using PCR (107). The contribution of viruses to AOM development is
generally accepted, although the high detection rates achieved by using PCR
probably not reflect the clinical relevance of all these findings. When we analyzed
our AOM samples with multiplex PCR, designed to detect a wide range of
respiratory viruses, 20% were positive for either of two different viruses, namely
rhinovirus and coronavirus. These samples were, however, also invariably culture
positive for bacterial pathogens. Inflammatory mediators, such as IL-8 has been
found to be higher in effusions containing both viruses and bacteria (107).
However, we could not find any relations between inflammatory mediator levels
and the presence or absence of viruses in the exsudates.

In our AOM study S. pneumoniae and H. influenzae were the most common
pathogens detected by culture. S. pneumoniae has previously been isolated in most
AOM patients with spontaneous rupture of the tympanic membrane (226, 294).
Due to the severity of the AOM leading to rupture of the tympanic membrane, we
believe that the infections in our study were caused mainly by S. preumoniae as
well. The absence of bacterial DNA could be due to an active elimination soon
after killing of the bacteria. Perhaps DNases present in the middle ear effusion are
involved in this process.

There was a Gram-negative dominance of bacteria detected by PCR in the fluids
from SOM patients as compared to AOM. This distinction between AOM and
SOM has been described earlier (25). H. influenzae is usually the most common
species detected in SOM, both by culture and by PCR (25, 248). The high detection
rate of bacteria by PCR in combination with the low isolation rate by culture
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described by us and others (247, 248) highlights the hypothesis that bacteria reside
in biofilms during SOM. Biofilms are highly organized networks with bacteria
encased in matrix, usually localized to a surface (249). H. influenzae as well as S.
pneumoniae and M. catarrhalis can form biofilms in vitro and in vivo, and biofilms
have been demonstrated in children with SOM (252). Bacteria in biofilms have
reduced growth rate and increased resistance to antibiotics and host defence. Thus,
biofilms could be an important reason for the chronic characteristic of SOM and the
low rate of culture-positivity.

SOM is characterized by persistent fluid in the middle ear without signs or
symptoms of an acute infection. The condition is often a consequence of AOM, but
may also develop spontaneously. The effusion in SOM often resolves
spontaneously, but after a period of observation, the patients may be operated on
with insertion of tympanostomy tubes during general anaesthesia. In a placebo-
controlled double blind pilot study, we studied the effects of nasal probiotic spray
treatment against the long-standing fluid in the middle ear. Sixty patients were
treated with streptococci, lactobacilli or placebo for 10 days proceeding surgery.

In a study of AOM children, spray treatment with viridans streptococci not only
decreased the recurrent rate of AOM infection, but also seemed to protect against
SOM development (260). In the current study we used a S. sanguinis strain and a L.
rhamnosus strain. Whereas the streptococcus strain has been tested in earlier spray
treatment studies (258-260), the lactobacillus strain has primarily been used as a
commercial supplement in dairy products. Both strains have shown good
interfering capacity against in vitro growth of other microbes (data not shown).
However, while S. sanguinis has shown excellent inhibiting ability against the
middle ear pathogens S. pneumoniae, H. influenzae, M. catarrhalis and Group A
streptococci, the lactobacillus strain has mainly been tested against intestinal
pathogens such as Salmonella spp. and E. coli. Both S. sanguinis and L. rhamnosus
are potent activators of the phagocyte-activating cytokines IL-12, TNF and IFN-y,
and also induce considerable amounts of IL-6, IL-8 and IL-10 (data not shown).

In this thesis, nasal spray treatment with S. sanguinis led to complete or almost
complete resorption of the middle ear fluid in a third of treated patients with long-
standing SOM, while only one patient out of 19 in the placebo group cured
spontaneously. Treatment with lactobacilli was less effective.

We further investigated the mechanism for the beneficial effects of nasal spray
treatment on clinical recovery. Due to the great inhibiting capacities of the S.
sanguinis strain against in vitro growth of AOM pathogens, one could expect a
change in the nasopharyngeal pathogenic flora. However, no change was observed
in the flora in either of the treatment groups. Moreover, S. sanguinis was not
isolated from nasopharynx in any case after spray treatment, suggesting that
colonization of S. sanguinis was insignificant. Lactobacilli were isolated in a third
of patients treated with L. rhamnosus, but their presence in nasopharynx after
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treatment was not associated with clinical improvement. In contrast to other
studies, we were not able to show any marked abnormalities, except for higher
population levels of M. catarrhalis, in the nasopharyngeal flora of children with
SOM compared to control children.

Another hypothesis was that S. sanguinis and L. rhamnosus, as potent activators of
various cytokines, would stimulate innate immune responses to resolute the
inflammation in the middle ear. For this purpose, inflammatory mediators were
measured in nasopharynx and the middle ear fluid after spray treatment. However,
S. sanguinis, which showed the most pronounced clinical effect on reducing the
amount of middle ear fluid in SOM, induced no measurable effects on cytokine
expression in the nasopharynx. In contrast, patients treated with L. rhamnosus had
significantly higher levels of IL-8 in nasopharynx and tendencies of increased IL-
1 and PGE, levels after treatment as well. However, no relation to clinical
outcome was shown. No measurable levels of IL-12 and IFN-y were seen (data not
shown). Nor were there any differences in the levels of inflammatory mediators in
middle ear fluids between the different treatment groups.

Investigation of bacteria and inflammatory mediators in the middle ear fluids might
be the most relevant way to elucidate the mechanism of spray treatment on the
reduction of the exsudate in SOM. However, in patients with clinical recovery there
was no effusion to study. Perhaps an animal model is needed to elucidate the
mechanisms behind the spray’s effects on SOM. However, we observed that the
frequency of bacterial pathogens, foremost Gram-negative bacteria, tended to be
higher in effusions from patients without clinical improvement. These pathogens
might remain in the middle ear, continuous stimulating a low-grade inflammation,
without being eliminated by the host defence.

This pilot study indicates that nasal spray treatment with viridans streptococci can
reduce the amount of fluid in the middle ear of children with SOM. Thereby,
probiotic spray treatment could postpone surgery or even rendering insertion of
tympanostomy tubes unnecessary in many cases. As SOM is a serious problem for
many patients, with hearing loss and recurrent surgery, nasal spray treatment with
viridans streptotocci could be a relevant alternative in the treatment of SOM.
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