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ABSTRACT

Experimental meningitis was induced in pigmented guinea pigs by subarachnoid inoculation
of 1 x 10° Escherichia coli K-12 or 3 x 107 CFU Streptococcus pneumoniae serotype 2
D39 (NCTC 7466) or PLN-A, ANA1 or AHY1, defined isogenic derivatives of D39
deficient in pneumolysin, neuraminidase or hyaluronidase respectively. All animals
developed a meningeal inflammatory response and a labyrinthitis. Hearing loss in
pneumococcal meningitis was measured by recording the evoked auditory nerve compound
action potential from the round window membrane. Animals infected with PLN-A sustained
significantly less hearing loss than those infected with wild-type D39 (12 dB vs. 50 dB 12 h
post inoculation; P<0.0001), Neuraminidase deficiency did not alter the course of the
meningeal inflammatory response nor affect hearing loss. The AHY1 mutant survived
poorly in the cerebrospinal fluid and blood but still caused hearing loss. Both pneumococcal
and E. coli meningitis induced specific ultrastructural lesions in the organ of Corti asjudged
by high-resolution scanning and transmission electron microscopy, and these lesions were
most severe with pneumolysin-sufficient pneumococcal infection.

Microperfusion of 5x106 CFU S. pneumoniae D39 directly into the scala tympani of guinea
pigs also resulted in electrophysiological and ultrastructural damage to the organ of Corti
that could be diminished by pretreatment with antibiotics.

The data confirm the cochlea as the site of meningogenic deafness. They suggest that
pneumolysin expression is chiefly responsible for meningogenic deafness and that if
pneumococci invade the inner ear during bacterial meningitis, cochlear deafhess will rapidly
ensue.
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1. INTRODUCTION

11. Bacterial meningitis.

Acute bacterial meningitis is a common and much-feared disease with a significant
mortality. In spite of dramatic improvements in antibiotic therapy and supportive care over
the last fifty years, not everyone who survives bacterial meningitis can expect to make a full
recovery. Around 10% of survivors will have some kind of neurological deficit, ranging
from sensorineural deafness to hemiplegia or worse. Patients in developing countries fare
especially badly, and pneumococcal meningitis in particular carries a grim prognosis.

This thesis is chiefly concerned with pneumococcal meningitis and the deafness which it
causes. Data from a newly developed model of hearing loss in experimental meningitis in the
guinea pig are presented. The findings show that experimental meningitis damages the
physiological function and ultrastructure of the inner ear. Evidence for the importance of
pneumococcal toxin pneumolysin in this process will be discussed. Some of the first in vivo
data obtained from experimental infections with pneumococci deficient in neuraminidase or
hyaluronidase will also be presented.

This introduction will review:

clinical aspects of bacterial meningitis;

the pathogenesis of pneumococcal disease;

e the structure and function of the inner ear;

the pathogenesis of meningitis with reference to experimental infection models;
= evidence from clinical and experimental studies of deafness in meningitis.

The final section discusses shortcomings in the current paradigm used to explain why
deafness occurs in meningitis and outlines the experimental data to be presented in
subsequent chapters.

1.1.1. Epidemiology and causative agents.

The annual mean incidence of bacterial meningitis in the USA was between 1.9per 100,000
and 4.0 per 100,000 in a recent survey (Wenger et al 1990) and is probably similar in the
UK. In developing countries, attack rates may be ten times higher (Bryan et al 1990). Three
organisms are responsible for the majority of cases of bacterial meningitis: Neisseria
meningtidis, Streptococcus pneumoniae and Haemophilus influenzae with case fatality



rates in the USA in the early 1980s of 10.3%, 26.3% and 6.0% respectively (Schlech et al
1985). All are exclusive human pathogens and are commonly carried in the nasopharynx of
healthy people (Austrian, 1986). Streptococcus pneumoniae will be considered in detail in
section 1.2;we will briefly consider here the other major pathogens.

Haemophilus influenzae is a small (0.3-0.5x 1-2 um) non-motile non-sporing fastidious
Gram-negative cocco-bacillus. Haemophili are facultative anaerobes which grow best in
enriched media. Almost all clinically significant disease is caused by the encapsulated
Haemophilus influenzae type B (Hib). Penicillin resistance is common. Until the recent
introduction of the Hib conjugate vaccine in most developed countries, Hib was the
commonest cause of bacterial meningitis in children under five and was an important cause
of invasive bacteremia in infants. The incidence declines in older children, who acquire
specific neutralising antibody. Because of the rapid fall in the incidence of invasive Hib
infection, clinical studies of meningitis conducted at a time of high Hib prevalence must be
interpreted carefully today. There has been a suggestion that the incidence of pneumococcal
infection has increased to fill the niche left by eradication of Hib (Baer et al 1995). Globally,
invasive Hib infections remain an extremely serious problem because Hib conjugate
vaccination has not been made available to the deprived children in the developing world
that need it most (Dagan 1996).

Neisseria meningitidis (meningococcus)is a delicate non-sporing non-motile Gram negative
oval diplococcus (0.8 pm in diameter) which also requires enriched media (such as Mueller-
Hinton medium) for isolation. There are eight main serogroups which vary in their
pathogenicity and geographical distribution. Group B serotypes are mainly responsible for
outbreaks in the UK, but groups A and C are common in the sub-Saharan epidemics.
Invasive meningococcal disease can progress at frightening speed and can kill within 12 h of
initial symptoms. There is an important distinction between meningococcal meningitis, in
which the infection is limited to the cerebrospinal fluid (CSF) space, and the severe systemic
illness of meningococcal septicaemia. Meningococci are exquisitely sensitive to penicillin
and there is as yet little problem with resistance.

Escherichia coli is a common cause of neonatal meningitis. Eighty per cent of isolates bear
the K1 capsular subtype (Mulder et al 1984). E. coli are Gram-negative, motile, non-
sporing bacilli (0.5 x 1-2 um). Colonies grown on Macconkey medium are smooth, glossy
and tinged rose-pink due to lactose fermentation. Three kinds of surface antigens are
demonstrable: the O (somatic), K (capsular) and H (flagellar) antigens. Between serogroups
there is great diversity in antibiotic sensitivity, virulence and production of enterotoxins.



Other causes of acute bacterial meningitis include Citrobacter spp and Group B
Streptococci (GBS) in neonates, and Listeria monocytogenes, Pseudomonas and
Staphylococcus in adults. Mycobacterium tuberculosis can present as an acute meningitis
but will not be further considered here.

1.1.2. Clinical presentation and treatment

The initial symptoms of bacterial meningitis resemble the onset of *flu. Babies may refuse
feeds, vomit, become difficult to wake and feverish. Adults and children commonly develop
headache, neck stiffness and drowsiness. They may be unable to tolerate bright lights
(photophobia) and become confused. In meningococcal septicaemia, a purplish blotchy rash
can develop. A recent retrospective survey of 305 cases of bacterial meningitis occurring in
the UK during 1989 and 1990 showed that two-thirds of patients had been unwell for at
least 12 h prior to admission. Less than 18% of patients had received antibiotic therapy
before admission as is currently recommended (British Society for the Study of Infection
1995). Signs found on examination include fever, neck stiffness, impaired consciousness or
coma, and a purpuric rash (usually but not invariably associated with meningococcal
disease). The occurrence of seizures and coma are poor prognostic factors. The most
important investigation is examination of the cerebrospinal fluid (CSF) by Gram stain,
culture and cell count. A definitive diagnosis rests on CSF culture or detection of
pneumococcal antigen. Contrary to popular belief organisms can be isolated from the
majority of cases given antibiotics before admission. Classically the CSF in acute bacterial
meningitis is turbid, with a predominant neutrophil leukocytosis in excess of 5-10 cells/pl,
sometimes over 10,000 cells/ul, a raised CSF protein concentration (>0.5 ¢g/I) and a reduced
CSF:plasma glucose ratio (<2/3). However, in 18% of the cases in the BSSI series the CSF
was clear even though it contained viable organisms. Blood cultures are positive in around
60% of cases.

Treatment of acute bacterial meningitis requires hospital admission, prompt intravenous
antimicrobial therapy and good supportive care. The choice of antibiotic is dictated by local
epidemiology and resistance patterns. In the UK, the combination of benzylpenicillin and
chloramphenicol remains popular (British Society for the Study of Infection, 1995).
Penicillin-resistant pneumococci (PRSP) probably originated in Spain and are now
distributed widely around the world, being a particular problem in the USA and South
Africa (Klugman, 1994b). In these areas, first line therapy consists of a third-generation
cephalosporin such as cefotaxime. Because PRSP often exhibit intermediate resistance to
third-generation cephalosporins (Klugman, 1994a), some authors now recommend adding
vancomycin to the initial blind therapy in such areas (McCracken, Jr., 1996). The prevalence



of PRSP isolates in England and Wales rose from 1.5%in 1990to 3.9% in 1995 (Johnson,
1996), indicating a serious problem ahead.

1.2. Streptococcus pneumoniae.

1.2.1. Introduction.

Streptococcus pneumoniae (the pneumococcus) is an important human pathogen. It is a
major cause of community-acquired pneumonia, otitis media, meningitis, and bacteremia,
particularly attacking people at extremes of age, those with underlying disease such as HIV
infection, and hyposplenic individuals. Common predisposing factors for pneumococcal
meningitis include pneumonia, sinusitis, middle ear pathology and CSF leak following head
injury. In the UK during the period 1982-1992 there were 22 567 reports of pneumococcal
bacteraemia and 3500 reports of pneumococcal meningitis, representing about 18% of the
total meningitis reports received by the Public Health Laboratory Service (PHLS). The
annual mean incidence of pneumococcal meningitis in the UK during the period 1989-92
was 8.7 episodes per 100,000 population (Askenasy et al 1995). In the US the reported
incidence is about 1.1 per 100,000 population but rises to 30 per 100,000in infants under 5
months of age (Schlech, 1985). Globally, S. pneumoniae causes over 1 million deaths a year
in children under the age of 5 years (Obaro, 1996). Pneumococcal meningitis occurs in
epidemics across sub-Saharan Africa and is the most common form of meningitis in some
areas (Dagan, 1996).

Study of the pneumococcus has yielded much information, including the discovery of DNA
as the transforming factor and the recognition of capsular polysaccharide as an immunogen,
leading to the manufacture of the first bacterial polysaccharide vaccine (Avery and Dubos,
1931; Austrian, 1981; Tuomanen et al 1995; Watson et al 1993).

1.2.2. Pneumococcal structure.

Pneumococci are Gram-positive cocci about 1 pm in diameter which grow in pairs or short
chains. They are non-motile and non sporing. Three layers make up the surface: the plasma
membrane, the cell wall, and the polysaccharide capsule. The capsule is some 200-400 nm
thick and conceals the underlying layers during exponential growth. Differences in capsular
structure provide immunogical diversity and form the basis for serotyping organisms. The
cell wall has a triple-layered peptidoglycan backbone consisting of alternating N-
acetylglucosamine and N-acetylmuramic acid residues cross-linked through peptide chains.
It is a dynamic macromolecule with components being continuously inserted into and



released from the structure (Tuomanen et al 1995). Cell wall polysaccharide, a complex
teichoic acid, is linked to the peptidoglycan backbone by N-acetylmuramic acid. A specific
enzyme, autolysin (N-acetylmuramic acid-L-alanine amidase), cleaves this linkage. The
Forsmann antigen, which is an inhibitor of autolysin, is a lipoteichoic acid embedded in the
plasma membrane. Cells in the stationary phase of growth liberate Forsmann antigen, so
deregulating local autolysin and inducing cell lysis. Both peptidoglycan and teichoic acid are
powerful stimulators of the immune response (Tuomanen et al 1985a). Little is known
about the function of the various surface proteins that have recently been identified
(Tuomanen et al 1995). Pneumococcal surface protein A (PspA) is an antigenically variable
surface protein which is firmly anchored in the cell wall and appears to be essential for full
virulence. It might act by inhibiting complement activation (AlonsoDeVelasco et al 1995).
Other surface proteins are probably involved in pneumococcal adherence to epithelial cells
(Paton et al 1993a) and degradation of complement component C3 (Angel et al 1994).

Pneumococci are aerobic and facultatively anaerobic and grow well in most laboratory
media such as Todd Hewitt medium, or Brain Heart Infusion broth. In broth culture,
pneumococci tend to autolyse once stationary phase is reached. Colonies of encapsulated
organisms on blood agar are small, smooth and transparent and surrounded by a greenish
area of a-haemolysis. Unencapsulated pneumococci form rough colonies. The presence of
capsule can be confirmed with the Quellung test which is serotype specific (Frasch, 1995).
At least three interchangeable variants can be defined on colonial morphology: opaque,
semi-transparent and transparent.

1.2.3. Colonisation of the host.

Pneumococci generally reside in the human nasopharynx and probably the entire human
population is colonised at some time(Austrian, 1986). Some of these people go on to
develop invasive disease. This seems to be associated with recent colonisation and is more
likely with certain serotypes (Boulnois, 1992). The main route of infection is by aerosol
inhalation of pneumcocci which colonise the upper and then the lower respiratory tract. The
lower respiratory tract is protected by several non-specific mechanisms, such as the cough
reflex, mucociliary transport and IgA secretions, and by the presence of resident alveolar
macrophages. Pneumococci secrete an IgAl-specific protease, which would inhibit mucosal
immunity provided by IgA. Colonisation and invasion is aided by a specific interaction with
disaccharide molecules such as N-acetyl glucosamine 31-3 galactose (GIcNAc31-3Gal)
found on oral epithelial cells. Pneumococcal phase variation contributes to the colonisation
as the transparent phenotype binds up to 106 times more efficiently to GIcNAcRI-3Gal than
the opaque phenotype (Cundell et al 1995). Resting pneumocytes express two classes of



receptors to which pneumococci of any phase can bind: N-acetyl-D-galactosamine linked
B1-3 or R14 to galactose (GalNAcRI-3Gal or GalNAcR1-4Gal). Transparent-phase
pneumococci also bind to a platelet-activating factor (PAF)receptor expressed on activated
pneumocytes (Cundell e? al 1995), which may explain increased susceptibility to
pneumococcal disease after respiratory viral infections. It has also been suggested that
neuraminidase derived from pneumococci or during co-infection with the influenza virus
exposes target receptors on the host cells by cleaving sialic acid from glycolipids (Krivan et
al 1988). In isolated organ cultures of human respiratory epithelium, pneumococci are
found to adhere only to mucus and to damaged ciliated mucosa, where they attach to the
gaps between cells (Rayner et al 1995).

Once established in the alveoli, intra-alveolar replication gives rise to the classic lobar
pneumonia. A bacteraemia can ensue, either by invasion from the pneumonic lung or
perhaps directly by invasion from the upper respiratory tract. Pneumococci are cleared from
the blood stream by the liver and spleen. An acute phase protein, C-reactive protein (CRP),
binds to pneumococcal cell wall and activates the classical complement pathway, so acting
as a primitive antibody. Pneumococci probably reach the meninges by haematogenous
spread but the exact mechanisms of entry into the subarachnoid space remain a mystery. As
discussed below, various pneumococcal components elicit a vigorous local immune
response. Host tissue damage results both from an excessive local immune reaction and
from pneumococcal products which are directly cytotoxic.

124. Capsule.

The possession of a polysaccharide capsule is essential for invasive pneumococcal disease to
occur. At least 84 capsular types are recognised (Collee e?al 1989). The capsule acts to
resist opsonophagocytosis (Wood, Jr. and Smith, 1949). Encapsulated strains are some 105
times more virulent then unencapsulated strains in experimental models in vivo and all
strains isolated from clinically invasive disease are encapsulated (Avery and Dubos, 1931;
Austrian, 1981). Capsule is not however necessary for pneumococcal replication in the CSF
space (Tuomanen e? al 1985b). Although capsule is an essential virulence factor, capsular
polysaccharides are in general poor stimulators of the inflammatory reaction which is held
to be responsible for so much autologous tissue damage. In spite of this, purified capsular
polysaccharides can stimulate production and secretion of tumour necrosis factor-alpha
(TNFa)by murine macrophages (Simpson et al 1994). Certain serotypes are frequently
isolated from cases but rarely found in carriers, suggesting these serotypes are more virulent
for invasive disease. Variation of the capsule itself is at least partly responsible for the
difference in virulence between serotypes. For example, replacing the capsule of a highly



virulent type 5 strain with type 3 capsule by genetic manipulation renders the otherwise
isogenic derivative avirulent for mouse bacteremia. But switching the capsule of a relatively
apathogenic type 6B strain to the same type 3 capsule enhances virulence (Kelly et al 1994).
These data demonstrate that there is a complex interaction between capsular type and other
virulence mechanisms such as differencesin exposure of the cell wall components. There is
also serotype variation in the activation of the alternate complement pathway, one of the
immune system's first line defences (Fine, 1975).

The current 23-valent polysaccharide vaccine contains types 1, 2, 3, 4, 6B, 7F, 8, 9N, 9V,
10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F and 33F. The prevalence of
invasive pneumococcal serotypes varies geographically and with age, so the expected level
of protection afforded by the vaccine varies between patient groups. In the UK at least, of
750 pneumococcal blood isolates and 130 CSF isolates serotyped in the UK by the PHLS in
1993, over 95% belonged to serotypes present in the 23-valent vaccine (George, 1995). In
spite of this apparently good coverage capsular polysaccharides are poorly immunogenic in
those most at risk of infection (Lee and Wang, 1994). Thus over recent years attention has
focused on other pneumococcal consituents which may induce inflammation or enhance
virulence. This work aims firstly to improve upon current immunisation techniques by
finding more immunogenic targets for at-risk populations and provide cross-serotype
immunity (Alexander et al 1994; Lock et al 1992). Conjugate vaccines help promote a T-
helper cell response, and so induce better immunity in young infants. Polysaccharide-protein
conjugate vaccines containing a biologically inactive toxoid such as a derivative of the
pneumococcal protein pneumolysin are showing great promise (Lee and Wang, 1994;
Mitchell et al 1992). Unfortunately for the majority of those at risk, conjugate vaccines
undergoing trials at present omit serotypes 1, 5 and 7 which are common causes of invasive
pneumococcal disease in children in developing countries (Dagan, 1996). Study of such
accessory virulence factors also helps to elucidate the mechanism of pneumococcal disease.
Table 1.1 (derived from AlonsoDeVelasco, 1995) lists some characteristics of the major
proposed pneumococcal virulence factors.



Virulence factor

Proposed mechanism of virulence

Selected References

Capsule

Resists phagocytosis
Poorly immunogenic
Fails to activate alternative
complement pathway

Wood, Jr. and Smith, 1949

Avery and Dubos, 1931
Fine, 1975

Cell wall products

Induces inflammation and Chemotaxis

Attachesto endothelial cells and is
cytotoxic
Directly cytotoxic for astrocytes

Tuomanenet al 1985a
Tanaka et al 1994
Heumannet al 1994
Geelenet al 1993

Kim et al 1995

Pneumolysin

seetable 1.2

Neuraminidase

Exposes cell surface receptors for
pneumococcal adherence

Damage to glycolipids, glycoproteins
and oligosaccharides

Promotes neutrophil adherence

Krivanet al 1988
Paton et al 1993a

Marin et al 1995

Hyaluronidase

Bacterial dissemination and breaching
the blood brain barrier

Survival in the blood stream and CSF
?Nutritional

Kostyukovaet al 1995

Hill et al 1996
(this thesis)

Autolysin Release of pneumolysin and cell wall ~ Lock et al 1992

material during spontaneous lysis Berry et al 1992

Canvinet al 1995

Hydrogen Cytotoxic for alveolar epithelial cells  Duane et al 1993
peroxide
PspA Inhibits complement activation AlonsoDeVelasco et al 1995
IgAl protease Inhibits mucosal defence Kornfield and Plaut, 1981
C3 degrading Resists opsonophagocytosis Angel et al 1994
proteinase
Adhesins Binding to epithelial cells Paton et al 1993a
Oxidative Prevents neutrophil killing due to Perry et al 1994

response inhibitor

reactive oxygen intermediates

Table 1.1: Possible pneumococcal virulence factors.



125. Cellwall.

Tuomanen and colleagues (1995) emphasise the role of cell wall products in the
pathogenesis of pneumococcal infection. Pneumococcal cell wall (PCW) material liberated
during exponential growth in the alveolar space binds to epithelial and endothelial cells
(Geelen et al 1993). PCW causes contiguous endothelial cells to separate from each other,
resulting in tissue oedema and probably aiding pneumococcal invasion. Activation of the
procoagulant cascade causes fibrin deposition. Liberated PCW also binds to leukocyte
CD14 receptors, eliciting the production of cytokines, particularly interleukin-1 (IL-1) in
vitro. However, Heumann et al (1994) found that in the presence of 10% pooled plasma,
various intact Gram-positive cell walls could also induce TNF-a and interleukin-6 (I1L-6)
expression by monocytes. In vivo, therefore, all three of these proinflammatory cytokines
are likely to be expressed. Leukocytes are recruited both by the selectin-integrin (CD18)
pathway commonly activated by many infections, and in the lung by a CD18-independent
but PAF-dependent pathway unique to pneumococcal infection. Leukocyte recruitment into
the subarachnoid space in response to challenge with pneumococci (but not with
Haemophi lus influenzae) is reduced by a specific PAF-receptor antagonist (Cabellos et al
1992). Local activation of complement amplifies the immune response. As leukocytes begin
to control the infection by phagocytosing organisms, the dying bacteria release more PCW
and soluble factors such as pneumolysin, which serve to increase autologous tissue damage.
Rapid destruction of bacteria by cell wall active antibiotics will, according to this model,
cause a transient rise in local inflammation due to the excess PCW released. Pneumococcal
cell wall products at a similar concentration to that which provokes meningeal inflammation
in vivo induce TNFa and nitric oxide production by cultured rat glial cells. This is inhibited
by dexamethasone (Freyer et al 1996). Heat-killed pneumococci and PCW are cytotoxic for
both human microglia and astrocytes in cell culture, but there is no evidence that
pneumococcal cell products are directly toxic for neuronal cell lines (Kim et al 1995).
Different components of PCW have different activities in vivo. Meningeal inflammation
provoked by the teichoic acid component of PCW peaks at 5 h whereas that due to the
peptidoglycan component peaks at 24 h (Tuomanen et al 1985a).

Although the role of cell wall in inducing inflammation is undisputed, Boulnois (1992) and
Paton (1993) have emphasised the role of pneumococcal proteins in pathogenesis.
Pneumolysin, neuraminidase, and hyaluronidase are of particular relevance to this thesis and
will be considered below in more detail.



126, Pneumolysin.

The production of a haemolysin by the pneumococcus was first reported by Libman (1905),
and the factor responsible was purified to homogeneity by Shumway et al (1971). The gene
has been isolated, cloned and expressed in E. coli by two independent groups (Paton et al
1986; Walker et al 1987).

Structure andfunction of pneumolysin

Pneumolysin consists of single 53 kD polypeptide chain. It is one of a family of cholesterol-
binding cytolysins (previously known as thiol-activated cytolysins) produced by Gram-
positive organisms which share certain characteristics, including similar molecular weight,
reversible loss of activity upon oxidation of crude preparation or exposure to cholesterol,
and immunological cross-reactivity (Mitchell et al 1992). The most important difference
between pneumolysin and other similar toxins is that pneumolysin is located in the
cytoplasm, and the predicted amino acid sequence lacks a typical N-terminal signal peptide
(Walker et al 1987). Cytolysins bind to cholesterol in plasma membranes, oligomerise, and
form large (40-50 nm) transmembrane pores which cause cell lysis. Pneumolysin possesses a
structural motif of an 11 amino acid sequence surrounding a single cysteine residue which is
common to other pore-forming toxins. This is thought to form an amphiphilic helix spanning
the cell membrane. Evidence from site directed and random mutagenesis studies have shown
that mutations within this motif can abolish haemolytic activity. The altered proteins
resulting from such mutagenesis studies are referred to as pneumolysoids or simply toxoids.
Thiol-activationis in fact only necessaryfor the crude preparations of the toxin as oxidation
does not affect the haemolytic activity of the purified protein. Consistent with this, the
single cysteine residue itself is not necessary for full haemolytic activity as this property was
not affected by a Cys-428—Ala substitution (Saunders et al 1989). The greatest reduction
in haemolytic activity achieved by a single substitution is for Trp-433-—»>Phe (a 99% fall)
(Hill et al 1994) but the combination of Trp-433—>Phe and Cys-428—Gly reduces
haemolytic activity to 0.0001% of wild type (Berry et al 1995). A His-367—Arg
substitution prevents the toxin forming oligomers in the cell membrane and also reduces
haemolytic activity by 99% (Mitchell et al 1992).

Cell binding appears to be mediated by the C-terminus of the peptide, with deletion of as
few as six terminal residues decreasing cell binding by 98% (Owen et al 1994). The ability
of pneumolysin to activate complement is critically dependent upon yet another part of the
molecule, being abolished by a Asp-385—Asn substitution, which reduces but does not
completely abolish binding to Fc (Mitchell et al 1991). Blocking studies with monoclonal
antibodies confirm that haemolytic activity is independent of cell binding and complement
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activation. Two of these monoclonals also cross-react with the clostridial toxin,
perfringolysin O (deLosToyoset al 1996).

The exact structure of the pore-forming mechanism remains unclear but recent
ultrastructural studies by Morgan et al (1994, 1995) confirm that oligomerisation occurs
and that the four domains of pneumolysin pack into a square planar arrangement. In lipid
bilayers, pneumolysin forms multiple-sized channels with varying cation:anion selectivity.
The small, more cation-selective channels become voltage sensitive in the presence of
divalent cations (Korchev et al 1992).

Role inpathogenesis

Evidence for the role of pneumolysin in pathogenesis has come from three main areas of
research:

- Study of the direct cytotoxic and immunomodulatory activity of the toxin itself using
native or recombinant protein;

- Modification of the course of pneumococcal infection in animals previously immunised
with pneumolysin or toxoided pneumolysin;

- Comparison of the course of experimental infection induced by wild type pneumococcal
infection with that due to isogenic mutants deficient in pneumolysin or expressing
toxoided pneumolysin.

Activities of pneumolysin

Pneumolysin has a wide range of cytotoxic and immunomodulatory effects, some of which
are detailed in table 1.2 (see also Paton 1996) . The potential contribution of pneumolysin
to the pathogenesis of infection is large. Toxicity has usually been assessed using cultured
cell lines. There are data available about the in vivo toxicity of purified pneumolysin in rat
lung, guinea pig inner ear and rabbit cornea. Toxoided pneumolysin has also been tested in
all of these systems (although the data for intracochlear perfusion is unpublished). In a
model of rabbit meningitis, recombinant pneumolysin (0.1 ug to 1 ug) administered by
cisternal injection induces a CSF leukocytosis (maximal at 4 h) and a rise in CSF
concentrations of TNFa (maximal at 2 h), lactate and protein (Friedland et al 1995). This
inflammatory response is unaffected by a substitution (Asp-385—Asn) which renders the
toxoid unable to activate complement. However, a toxoid deficient in haemolytic activity
(Trp-433—Phe) induces less meningeal inflammation. Both of these toxoids also exhibit less
ability than intact pneumolysin to induce pneurnonic change when administered into rat lung
(Feldman et al 1991). A non-haemolytic toxoid (Trp-433—Phe) still causes ultrastructural
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damage to the organ of Corti characteristic of pneumolysin when perfused into scala
tympani of guinea pigs (SD Comis,MP Osborne and A Cohen, unpublished findings).

Protection by immunity topneumolysin.

Immunisation of BALB/c mice with highly purified native pneumolysin (Paton et al 1983)
or a toxoided derivative (Cys-428—Gly) (Paton et al 1993b) provides significant protection
from intraperitoneal challenge with virulent serotype 2 S. pneumoniae strain D39. More
interestingly, concurrent immunisation with autolysin does not enhance survival. Immunity
to autolysin alone does not alter the course of infection with a pneumolysin-deficient strain
(PLN-A) although it does provide partial protection from wild type infection. This suggests
that the main contribution of autolysin in vivo is to release pneumolysin. Immunity against
pneumolysin should provide protection across serotypes. Immunisation of mice with the
pneumolysoid (Trp-433—Phe) provides partial or complete protection against at least nine
different pneumococcal serotypes except for one clinical isolate (strain GB05; serotype 3)
when administered intranasally (Alexander et al 1994). In general, pneumolysoid
immunisation is more effective in countering intranasal challenge than preventing
bacteraemia after intraperitoneal challenge.
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Activity Reference

Cytotoxicity:

Cytolytic for RBCs at high concentrations(ug/mi) Boulnois, 1992
Inhibits ciliary beating in human nasal turbinate organ Steinfort et al 1989
culture (1-50 pg/ml)

Toxic to cultured bovine pulmonary artery endothelial Rubins et al 1992
cells

Toxic to cultured pulmonary alveolar epithelial cells (30 Rubins et al 1993
ng/ml). Increases alveolar permeability in isolated
perfused rat lung (200 ng/ml)

Immunornodulatoryfunctions:

Irreversibly inhibits human lymphocyte proliferation and Ferrante et al 1984
antibody production in vitro (10 ng/ml)

Activates complement (1-10 pug/ml) Paton et al 1984

Binds Fc fragment of antibody (1-10 pg/ml) Mitchell et al 1991
Inhibits respiratory burst of neutrophils Perry et al 1993
Induces IL-1R8 and TNFain human mononuclear Houldsworth et al 1994
phagocytes (1 ng/ml)

ActivatesPLAZ2 in cultured pulmonary endothelial cells Rubinset al 1994
(10 ng/mlto 1 pg/ml)

In vivo effects:

Induces salient features of pneumonia in rat lung Feldman et al 1991

Intracisternal injection induces a CSF leukocytosis and Friedland et al 1995
TNF response in rabbits

Intracochlear perfusion causes electrophysiologicaland Comiset al 1993
ultrastructural damage to the organ of Corti of guinea pigs

(1-10 mg/ml)

Approximate concentration of pneumolysin needed is given where clear from the literature. Typical specific
activity for recombinant pneumolysin is about 5x10° haemoiytic units per mg protein. Thus 1 pg/ml = ca.
500 HU/m

Table 1.2: Activities of purified pneumolysin possibly related to pathogenesis of infection
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Investigations with pneu molysin-deficient organisms.

The different course of an experimental infection induced by pneumococci deficient in
pneumolysin compared to that induced by wild-type infection might provide significant
clues about the actual functions of pneumolysin in vivo. The isolation of the pneumolysin
gene (pin) allowed the constructionby insertion-duplicationmutagenesis of defined isogenic
mutant strains deficient in pneumolysin or containing modified pneumolysin. One of the key
difficulties encountered was that encapsulated pneumococci proved difficult to transform
with the vector DNA, so a two-stage process proved necessary (see appendix A) (Berry et
al 1989). The resulting pneumolysin-deficient mutant, PLN-A, has been studied in several
different infection models including that described in the current work.

In the first description, Berry et al (1989) reported that the LD50 of PLN-A for
intraperitoneal injection in the mouse is about 100 times higher than the LD50 of the parent
strain D39. Similar results were obtained in the unusual species of Quackenbrush mice when
the work was repeated with another defined pneumolysin-deficient strain of a serotype 3
pneumococcus (Berry et al 1992). The absence of pneumolysin therefore modifies the
infection but does not prevent death. Benton et al (1995) looked more carefully at the
kinetics of in vivo growth after intraperitoneal inoculation of D39 or PLN-A in CBA/N
mice. Animals inoculated with wild-type D39 sustain an exponential bacteraemia (doubling
time ca. 1.4 h) which continues until death ensues. Those inoculated with PLN-A initially
develop a similar exponential bacteraemia which then plateaus at around 106 CFU/ml. Co-
infection with D39 restores the ability of PLN-A to grow exponentially beyond the plateau
level, suggesting strongly that pneumolysin production is required for exponential growth to
occur in the bloodstream. Pre-infection with PLN-A prevents D39 from growing beyond the
plateau level, perhaps because of the induction of tolerant immunity.

What about the earlier steps of infection? PLN-A when inoculated intranasally in mice
induces a less severe pneumonia and a delayed bacteraemia compared to wild type infection,
even though cell wall products are released. But an autolysin-negative mutant (AL,-2)
causes neither pneumonia nor bacteraemia (Canvin et al 1995). This suggests there may be
an interaction between the cellular products released by autolysin, perhaps between cell wall
and pneumolysin or an as yet unidentified toxin. When PLN-A is applied to an isolated
human nasal turbinate preparation, the onset of a decline in ciliary beat frequency is
significantly delayed compared to wild type. Only with wild-type organisms is there
significant damage to the cell surfaces, with blebbing of the ciliated cell surface and
breakdown of the intercellular tight junctions (Rayner et al 1995). One of the possible
mechanisms of action of pneumolysin therefore is to promote breakdown of the respiratory
epithelium and augment invasion. This is of great relevance to the findings in the inner ear
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to be described later. In isolated rat lung, Rubin et al (1995) reported that PLN-A induces
less injury to the capillary barrier and is unable to replicate as well as wild type. The
addition of exogenous pneumolysin corrects these defects.

The contribution of the various activities of pneumolysin to pathogenesis has been assessed
by manufacturing isogenic mutants which express toxoided pneumolysin genes. In a mouse
bacteraemia model, median survival is prolonged by intraperitoneal challenge with either of
two pneumococcal mutants which express toxoids deficient in haemolytic activity
(His-367—Arg, and Trp-433—Phe plus Cys-428—Gly). Mice infected with a complement-
activation deficient mutant (Asp-385->Asn) have the same median survival as mice infected
with the parent strain (Berry e?al 1995). Both types of mutant have impaired virulence for
mouse pneumonia, although pneumolysin-related haemolytic activity accounts for much of
the acute lung injury and early intra-alveolar replication, while pneumoly sin-related
complement activation augments bacteraemia (Rubins et al 1996).

Not all the experimental data support a significant role for pneumolysin. Friedland et al
(1995) induced meningitis in rabbits by intracistemal inoculation of 3x103 CFU log-phase
D39 or PLN-A. There were no differences in the course of CSF leukocytosis or CSF
concentrations of TNFa, lactate and protein. Both organisms grew exponentially at the
same rate with no lag phase (a phenomenon sometimes observed with other pneumococcal
strains and also with the pneumolysin-deficient mutant produced by Johnson in this model
(Tuomanen e?al 1985b;Johnson e?al 1992 and Prof A Tomasz, personal communication).
From this the authors concluded that pneumolysin has no pathogenic role once
pneumococci have entered the CSF space. However, they did not examine the brains
histologically or seek other evidence of differences in end-organ damage. In a chinchilla
otitis media model, a pneumolysin-negative derivative (P-1) of a type 3 pneumococcus
induces an identical infection to a wild type strain, with a similar inflammatory cell response
in the middle ear fluid and no differences in the concentrations of IL-1R, I1L-6 and IL-8
(Sato et al 1996). These were not isogenic strains, so other unsuspected differences may
explain the lack of activity of pneumolysin.

In conclusion, it seems that pneumolysin expression augments intra-alveolar replication,
provides one of the mechanisms by which pneumococci may invade capillary blood, and
causes specific damage to mucosa and the organ of Corti. Once in the bloodstream,
pneumolysin is necessary for continued exponential growth. The role of pneumolysin once
pneumococci penetrate the CSF space or the middle ear is less clear but pneumolysin seems
not to augment the inflammatory stimulus, at least during the exponential growth phase. In
both the blood stream and CSF space, the haemolytic activity of pneumolysin seems to be
more important than its ability to activate complement. Even if the concentration of
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cytokines and leukocytesin the CSF is not altered by the absence of pneumolysin, there may
still be important differencesin end-organ damage.

1.2.7. Neuraminidase.

Neuraminidase cleaves terminal sialic acid residues (e.g. N-acetylneuraminic acid; NANA)
from mucin, glycoproteins, glycolipids and oligosaccharides on cell surfaces and in body
fluids. Of relevance to this thesis, the glyocalyx of the epithelial cell surfaces bordering the
endolymphatic space in the inner ear has a high sialic acid content (Vanbenthem et al 1992).
Al clinical pneumococcal isolates express neuraminidase (Kelly et al 1967), although the
quantity varies according to strain (Dr T Mitchell, personal communication). Neuraminidase
activity can be enhanced in vitro by adding N-acetylmannosamine to the culture medium
(Kelly et al 1966) and can be lost from organisms subcultured only on artificial media.
Pneumococcal neuraminidase proved difficult to purify and many different molecular
weights have been reported. Lock (1988b) purified neuraminidase with a molecular weight
of 86 kD to electrophoretic purity. A polyclonal antibody to this molecule reacted with a
larger species in crude pneumococcal extract (MW 107 kD), which was eventually purified
intact, suggesting that proteolytic degradation during purification was responsible for the
reports of multiple isoenzymes. One putative gene was cloned by Berry et al (1988) (clone
pJCP301) and a second gene (nad)was cloned and expressed by Camara et al (1991).
These genes are unrelated and have been shown to be present in all pneumococcal strains
tested. NanA mRNA is definitely expressed during in-vitro growth (Camara et al 1994) and
the gene product has a predicted MW of 144 kD.

The pneumococcal neuraminidase(s) are classified with the “large” bacterial neuraminidases
(>60kD) which share a common feature of an “aspartic box” sequence. There remains
some confusion over the specificity of certain bacterial neuramindases due to lack of
specificity of older bioassays. For example, a purified Group B streptococcal enzyme
previously thought to be a neuraminidase has in fact turned out to be a hyaluronidase (Savic
and Ferretti, 1994). The MUAN cleavage assay (see appendix C) used in the work to be
presented is however a specific assay. The cellular location of neuraminidase is also
debated. Some evidence suggests that it is cytoplasmic (Lock et al 1988b) but certain
features of the nad gene suggeststhat it encodes for a surface protein and this appeared to
be confirmed by immunogold labelling (Camaraet al 1994).

The potential role of neuraminidase in pneumococcal adhesion to respiratory epithelium has
been discussed (Krivan et al 1988). The evidence that neuraminidase may be directly
involved in tissue damage in meningitis is conflicting and somewhat circumstantial. In
support of a role is a clinical study which demonstrated a correlation between a poor
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outcome from pneumococcal meningitis and the level of free NANA in the CSF (O'Toole et
al 1971).Free NANA was found only in pneumococcal meningitis, and none of the isolates
of H. influenzae or N. meningitidis expressed neuraminidase activity. Kelly and Grieff
(1970) challenged weanling mice with sonicated extracts of pneumococci grown in medium
enriched with N-acetylmannosamine. Mice challenged by intracerebral or intraperitoneal
injection developed neurological signs and died. However, such a crude extract may have
been contaminated with cell wall, or even pneumolysin. There have been few reports
published about the effects of purified pneumococcal neuraminidase on cultured cells or in
vivo preparations. Mice immunized with purified neuraminidase are partially protected
against pneumococcal infection (Lock et al 1988a). Intravenous injection of purified
pneumococcal neuraminidase in rats promotes binding of circulating leukocytes to the
kidney (Marin et al 1995) and neutrophils exposed to neuraminidase show increased
adherence to endothelial cells (Dwarakanath et al 1995).

In evidence against a role for neuraminidase in virulence, O'Toole et al (1975) induced
meningitis in dogs by intrathecal injection of viable pneumococci or crude pneumococcal
extract. Infection with viable organisms induces a rise in free NANA in the CSF. But
challenge with the neuraminidase preparation causes no ill effects in the animals, although
the NANA content of cortical brain subcellular organelles is reduced by some 30%. Kelly
and Grieff (1966) reported that lethality of pneumococcal strains in mice does not relate to
neuraminidase activity.

Because of the conflicting evidence about the role of neuraminidase, the construction of
neuraminidase-negative isogenic mutants represents a significant step forward. The results
to be presented in this thesis are among the first data from the use of these mutants in an
infection model.

1.2.8. Hyaluronidase.

In common with other streptococci almost all strains of Streptococcus pneumoniae produce
hyaluronidase, an enzyme which cleaves hyaluronic acid, a major constituent of the
extracellular matrix (Paton et al 1993a). Very little is actually known about the role of
hyaluronidases in virulence. It is assumed that breakdown of connective tissue contributes
to bacterial spread and invasion. A pneumococcal hyaluronidase gene has recently been
isolated (Berry et al 1994; Hill et al 1996). Other mucosal and wound pathogens also
express hyaluronidases but the gene sequences appear to be unrelated (Canard et al 1994;
Hynes et al 1995).
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The only clinical evidence for the importance of hyaluronidase in bacterial meningitis comes
from a study of pneumococcal meningitis conducted in St Petersburg. Hyaluronidase was
expressed by all of 39 strains isolated fromthe CSF but by only 11% of capsulated strains
carried in the upper respiratory tract (Kostyukova et al 1995). It was not expressed by non-
encapsulated strains. Mice challenged intranasally with strains expressing high levels of
hyaluronidase developed meningitis more readily.

There have as yet been no reported studies of the toxicity of purified recombinant
hyaluronidase in vivo or for cultured cells, and there are no data about protection from
pneumococcal infection after immunisation. A hyaluronidase-negative isogenic mutant has
recently been constructed (Hill et al 1996) and some of the first experimental infection data
obtained with this organism are presented in this thesis.
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1.3. Auditory anatomy and physiology.

1.3.1. Gross anatomy.

The auditory apparatus consists of the pinna and external auditory meatus of the outer ear,
an air-filled middle ear containing an ossicular chain, and the inner ear. The middle ear is
divided from the outer ear by the tympanic membrane and communicates with the inner ear
at the oval and round windows. The ossicles consist of the malleus, incus, and stapes.
These serve to transmit sound vibrations from the tympanic membrane to the oval window.
The inner ear is encased in the temporal bone in humans and consists of the cochlea, the
vestibule and the semicircular canals. The bony cochlea is a snail-shell shaped spiral which
coils for just over 2 turns in humans and up to 5 turns in guinea pigs. It is divided into three
compartments (fig 1.1, page 26). The scala vestibuli and the scala tympani communicate at
the apex of the cochlea at the helicotrema. They are filled with perilymph, a fluid of a
similar composition to cerebrospinal fluid (K* 7 mM, Na+ 140 mM, Cl- 120 mM). The
guinea pig cochlea contains about 8 pul of perilymph. The scala vestibuli is bordered by the
oval window and communicates with the vestibular space. The scala tympani is bordered by
the round window and communicates with the subarachnoid space via the cochlear
aqueduct (see below). The basilar membrane stretches from the inner osseous spiral lamina
(or modiolus) to the outer wall of the cochlea. The scala media is divided from the scala
tympani by the basilar membrane and from the scala vestibuli by Reissner’s membrane. The
sensory organ of the ear, the organ of Corti, rests on the basilar membrane. The scala media
is filled with endohmph, an extracellular fluid rich in potassium with a composition more
akin to intracellular fluid (K* 150 mM, Nat 1 mM, CI- 130 mM). Spiralling around the
outer rim of the scala media is found the stria vascularis, a site of intense ATPase activity.
This regulates the composition of endolymph and maintains the electrical potential of the
scala media some +80 mV above that of the scala tympani.

1.3.2. The cochlear aqueduct.

Figure 1.2 shows diagrammatically how the scala tympani and perilymphatic space
communicate with the subarachnoid space via the cochlear aqueduct. The cochlear
aqueduct is present in all mammals. It extends from the wall of the scala tympani in the
basal turn and emerges medial to the jugular fossa. Within the aqueduct is the periotic duct,
a potential space filled with a reticular meshwork of connective tissue, reticular cells and
macrophages (Donaldson et al 1992; Duckert, 1974). It is thought that the duct facilitates
exchange between CSF and perilymphatic fluid while the meshwork of tissue and
macrophages acts as a damper to sudden pressure changes in the CSF and defends the inner
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ear from microbial invasion (Blank et al 1994). Recent electron microscopic studies have
confirmed that there is no physical barrier to fluid flow along the duct (Toriyaet al 1991).

There has been a great deal of debate about the functionalpatency of the cochlear aqueduct
in humans and lower mammals. The cochlear aqueduct of the guinea pig appears to be
widely patent, some 240 pum in diameter and about 2.5 mm long (Moscovitch et al 1973;
Duckert, 1974). In the guinea pig there is no doubt that CSF flows into the perilymph. Salt
et al (1994) calculated the flow rate into an unopened cochlea to be about 2 nl/min, or
sufficientto replace the entire perilymph in just under 3 days. Such a communication is not
essential for inner ear function as no ill effects are observed if the cochlear aqueduct is
blocked for several months (Kimurae?al 1974). If the cochlea is opened (fistulized) much
as for the cochlear perfusion experimentsto be described in chapter 4 then the flow rate can
rise to 500 nl/min, sufficient to replace the entire perilymph in around 10 minutes
(Moscovitchet al 1973). Flow can be almost abolished by blocking the cochlear aqueduct
(Sait et al 1991) or opening the cisterna magna to reduce the hydrostatic pressure of the
CSF (Salt and Stopp, 1979). Particulate tracers easily pass from the CSF into the perilymph
in the guinea pig (Duvall and Quick, 1969). Blocking the cochlear aqueduct prevents
particles penetrating the inner ear (Sando et al 1971).

Histopathological data from human post-mortem studies largely suggest that the cochlear
aqueduct is patent. Palva (1970) found the cochlear aqueduct of six neonates to have a
mean length of 3.5 mm, compared to 6.5 mm in adults, and a minimum diameter of 150 um.
In a study of adults, the cochlear aqueduct was blocked in only 3 of 82 post mortem
specimens, with a mean length of 12.9mm and minimum width of 140 pm (Rask-Anderson
et al 1977). The aqueduct is wider in infants than adults but is still longer and narrower than
in experimental animals. It is obviously difficultto study flow rates of CSF into perilymph to
assess whether the cochlear aqueduct is functionally as well as anatomically patent in
humans.

Other communications routes between the CSF space and the inner ear include the internal
auditory canal with its perineural and perivascular spaces, and the canal housing the inferior
cochlear vein.

1.3.3.  Ultrastructure of the organ of Corti.
Overview

The spiral organ of Corti consists of a series of epithelial structures placed upon the upper
surface of the basilar membrane (fig 1.3). The internal and external rods (or pillars) of
Corti form an triangular arch enclosing the tunnel of Corti. On the medial side of the inner

20



rods lie a single ro