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Introduction

1. The advantage of a simple organism

It all started when G. M. Sternberg and Louis Rastedependently isolated the bacterium later
called Streptococcus pneumoniae 1881. Study of this micro-organism revealed it bacteria can be
surrounded by a polysaccharide capsule (DochezAvery, 1917) It was the transformation of
unencapsulated (rough) to encapsulated (smootterevhich proved that DNA is responsible for garg
and expressing genetic information (Avertyal, 1944), (Averyet al, 1979). Ever since that discovery, it is
now more than ever obvious that the simpler thearmggn, the more adaptable and flexible. All living
organisms are threatened by many enemies allrtiee fihere is a need to be able to update theimgesso
they can develop new defence strategies. It ismavweing race, sexual reproduction affords more ity
to create new ,locks“(antibodies) against ,keyst{@ans) (Ridley, 2007). Simple organisms such as
Streptococcughat can naturally take up foreign DNA from enwingent and incorporate it into their genome
(transformation) (Griffith, 1928), can obtain exoges genetic material from bacteriophages (trartgxh)c
or plasmids (conjugation), even exchange it witheotspecies and undergo homologous recombination
(HR), these are often pathogens trying to invadest (Sprattet al, 2001). The source of variation lies
within recombination and/or point mutations. In tegi@, besides binary fission which does not altouch
recombination between alleles, HR contributes toogee plasticity and diversity to a much wider ekten
than point mutations do. An estimated rate of rdmioation versus mutation per allele fStreptococcus
pneumoniads 10:1 in favour of recombination (Fedt al, 2000). Genomes can diversify more rapidly
leading to increased microbial evolution.

What seems to be quite frequent is horizontal dgearvesfer (HGT). This could explain how strains
from basically commensal species become pathog8pmattet al, 2001). For example, HGT of penicillin-
binding proteins (PBPs) genes has been demonstrateshg natural populations of pneumococci
contributing to spread of resistance to penici(\atsonet al, 1993). Although the introduction of mass
vaccination and antimicrobial treatment such aghenics reduced the burden of pneumococcal disaase
has also accelerated the evolution of the pneuntatogenome, from which more virulent and
antimicrobial-resistant strains have arisen (Amddual, 2009).

Streptococcus pneumoniae a member of the phylum Firmicutes is a fastsljpathogen of humans
and occasionally other hosts, facing up to its mmment with a small but hyperdynamic genome. Tlgre
evidence that HGT can occur even from eukaryotettain bacterial species (Aravietal, 1999). Many
genes can be obtained from a large supragenome$igmheumoniabas pan-genome much larger than the
genome of any individual strain (Hillet al, 2007). It is known that some genes of signifi@imcvirulence
might be activated only by HGT from the access@yane and also that mobile genetic elements coibdrib
to the accessory gene make-up (Enwdrgl, 2007), (Burnest al, 2007).

Ding et al found that the genome evolution 8freptococcus pneumoniaelargely driven by host
adaptation (Dinget al, 2009). Streptococcus pneumoniae responsible for more than 2.6 million annual

deaths in children younger than 5 years (Muestchl., 2010). Pneumococcal mechanisms of invasionfare o
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great interest, especially the action of its vingle factors. One of the most studied and histdyicaie of

the most important virulence factors, pneumolysias undergone some major changes without affecting
pneumococcal virulence. Other factors such as hyaidase, which might play a role in pneumococcal

meningitis, for example, are subjects of this worke combination of bioinformatics and conventional

laboratory techniques is a promising method to diiwviks between even minor changes within genotype

and their effects on phenotype.

2. Streptococcus pneumoniae

2.1. Classification & determination

Streptococcus pneumonigefacultative anaerobic chemo-organotrophic Grasitive bacteria that
form characteristic chains (Hardst Whiley, 1997). It belongs to the lactic acid baieterith essentially a
fermentative metabolism. On blood agar, the pnewemges can be distinguished from other memberseof th
Streptococcus mitis—Streptococcus oraisoup of viridans streptococci by zones afhaemolysis
responsible for the greenish red blood cells (RB@sgn incubated anaerobically (Canehal, 1997).
Susceptibility to optochin (ethylhydrocupreineused to confirm purity of a studied pneumococaaliston
blood agar plates (Williams, 1958). Diplococcal gl morphology, bile solubility which is the most
accurate phenotypic test, and agglutination witti-@meumococcal polysaccharide capsule antibodies a
techniques used to differentiate pneumococci fromerostreptococci that can be found, for exampleéhée
oral cavity 8. miti3 (Kawamuraet al, 1999). The pneumococcus grows in rich mediumragdires simple
sugars as a carbon source (Whatnatral, 2000).

From DNA-probe-based methods, the Accuprobe tesh isapid and highly accurate culture
confirmation method for identification obtreptococcus pneumoniagith sensitivity and specificity of
100%. It utilizes a chemiluminescent DNA probe which hgimes with target ribosomal RNA (rRNA) in
solution. It can even detect colonies of the pnezonous in mixed cultures and from positive blootluras
(Denyset Carey, 1992).

2.2. ldentification & genome composition

The Pneumococcus is usually completely surrounbigda polysaccharide capsule on which
antigenic basis we now recognize more than 90rdifteserotypes. The capsular serotype is deterniiged
the Quellung reaction first used by Neufeld at tiln@ of the century (Bednar, 2009). The capsulkefiis
made of repeating units of polysaccharides in aptexncomposition covalently bound to the outer sifle
the cell wall. Genes responsible for expressingifipeapsule types are located at tpslocus and they are
arranged in so called cassettes that can be tramsfiovia HR because both ends of this locus anidic by
IS elements (Dillarcet al, 1995). Since a precise identification of a strigi crucial for epidemiological
studies, more sophisticated and elaborated techksicqre being included. Sequential multiplex PCR

approach proved to be helpful especially in sitrati where culture is insensitive (Peti al, 2006).
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Nevertheless, taxonomists may have to accept thatfact classification of such organism that isstantly
exposed to possibility of HGT can never be achieved

Besides the serotype, recent techniques allow gs tfoirther and assign each pneumococcal isolate
its own sequence type (ST). A new technique has lisveloped on the basis of multilocus enzyme
electrophoresis (MLEE) in the laboratory of Briapr&t (Maidenet al, 1998). Multilocus sequence typing
(MLST) is a simple technique for strain characttion at the molecular level and an excellent mettoo
identifying clonal background. The mechanism iseldasn comparing sequences of seven pneumococcal
housekeeping genesyoE, gdh gki, recP, spi, xpt, and ddl (Enright et Spratt, 1998). Each encodes a
fundamental metabolic function, they are very weelhserved and each and every one bacterial celi mus
have them in order to live (Maiden, 2006). Once gheen polymorphic genes are sequenced, they can be
uploaded. Sequences of each fragment are compdttecilivthe previously identified sequences. They a
allocated allele numbers at each of the seven Téw. combination of the seven allele numbers dsfthe
allelic profile of the strain and each differenlielit profile is assigned as an ST used to desdtibestrain
(Aanenseret Spratt, 2005). However, there is no certainty that isolates with the same ST do not differ in
other regions besides housekeeping genes. A datédyeS. pneumoniaés growing (Multi Locus Sequence
Typing, 2009). With MLST as a golden standard, atradl pathogenic or non-pathogenic bacterial geci
and many other haploid organisms can be typedatlkantage of such an approach lies within its pditya
which makes it much easier to readily compare dseilts between laboratories via the Internet. MisSa
powerful resource for global epidemiology; it h&eb validated for identification of hyper-virulesibnes of
Streptococcus pneumonias well as for defining genuine pneumococci arstirdjuishing it from closely
related species (Hanage al, 2005a). MLST can be used for determining popafastructures, searching
for recombination and/or investigating phylogenegélations between isolates by means of dendrogriams
order to discern the relatedness and patterns ofuwnary descent among isolates, the eBURST
programme, an algorithm on MLST website, can belufieis especially useful to explore how bacterial
clones diversify and to predict the founding gepetpf each clonal complex (Fei al, 2004).

The Streptococcus pneumonigpneumococcal) genome comprises of approximately -2.2.2
megabase pairs (bp) arranged in a single circtligonecosome (Tetteliet al, 2001). The complete genome
sequence of a pneumococcal representative isol@RAT (TIGR4 stands for The Institute for Genomic
Research), has been assigned a GenBank accessiamem®&AEC05672 or NCBI reference sequence
NC 003028 (J. Craig Venter Institute, 2009). TIGRds isolated in Norway in the 1990s as a highly
virulent strain. The genome is rich in repeatediseges such as insertion sequences (IS) whereanigéa
are rare. Repeated-sequence elements are stritelgicated with respect to virulence genes sugggsi
possibility of coordinated regulation of importaggénes by these elements (Watsnal, 1993). DNA
elements alongside BOX and RUP elements, desciisesmall, dispersed DNA repeats, may act as an
efficient conduit for intra- as well as inter-gericrnecombination. A possible reason for their atamod
might be their contribution to genomic plasticiyypical for the pneumococcus making it an organigghlig
adaptable to various environmental changes (Tet&tlHollingshead, 2004). Simple sequence repeats also
contribute to phase variation in bacteria furtheorenexpanding its variability (Varviet al, 2009).
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Furthermore, the pneumococcal genome is often letidoy temperate bacteriophages (pneumophages)
(Romeroet al, 2009).

2.3. Reasons to study pneumolysin and hyaluronidase

Both pneumolysin and hyaluronidase are pneumocodoalence factors. They differ from each
other in terms of function, localization and vaoat There can be minor changes within their nualeo
sequences with possible global impact. Given thegumococcal disease is still a big issue not only i
developing countries, it is important to focus argmeters that drive this microorganism further &md
study its virulence factors from the very core, geaes.

For that purpose, polymerase chain reaction isepes/hen one needs to check the presence of a
gene and quality of generated DNA. Polymerase ctesotion (PCR) is a technique widely used by many
scientific branches. One of its purposes isimrvitro amplification of original molecule of DNA by
enzymatic replication so it can be detected. DNAatwle serves as a template. During melting step, t
reaction solution is heated to 95°C in order toasafe strands of dsDNA from each other. When the
temperature is lowered to 55°C, primers of spedcificleotide sequence bind to complementary sequence
within the DNA, this step is called annealing. Nagtides are incorporated by DNA polymerase prodiged
hot spring bacteriunThermus aquaticugTag) which is a thermo-stabile enzyme that can withsthigh
temperatures required for PCR method. Once therpocated nucleotides stabilize the bond between
primers and DNA, temperature is set up to 72°C wiscideal forTaq DNA polymerase, and it extends the
new strand, hence extension step. These stepsmg fepeated and copies of DNA molecules double in
every cycle. Successfully amplified DNA can be gsatl by agarose gel electrophoresis described below

Genome variation is important in the ability of pn@cocci to interact with the host. So-called
single-nucleotide polymorphisms (SNPs) contribute diversity of more than 2000 genes in the
pneumococcus (Mitchekt Mitchell, 2010). SNP is an abundant form of genetciation; more genetic
diversity means a larger pool of SNPs. It is algifgase pair position in genomic DNA (gDNA) at winic
different sequence alternatives (alleles) existiipopulation. SNP is caused by substitution ofraylei
nucleotide in coding or non-coding region. SNPs w@saally point mutations that remain due to certain
evolutional advantage. A SNP does not necessadlgl to a change of an amino acid coded by thestripl
affected, those are silent mutations. Other SNPg ¢hange it and those are missense mutationstfétsli
from a rare variation in requirement for 1% or geedrequency of a given allele in a populationd@kes,
1999). SNPs thus do not include insertion or dahegiolymorphisms (Kinet Misra, 2007). In bacteriology,
SNPs analysis with special applications can be @igedenotyping of species for which there are MLST
databases with sufficient comparative sequence(Batbertsoret al, 2004). Given that SNPs are stable and
widespread, they can be utilized to link sequeraz@tion to phenotypic changes.

In order to identify SNP, a number of nucleotidegusnces must be aligned so that the
polymorphism is apparent. This can be done in Beomatics programmes such as CLC Genomic

Workbench version 3.6.5. CLC Main Workbench whiclaswused for this project. These computing



programmes allow researchers to import, view, alaggiit and analyze sequencing results from autainate
sequencing machines.

In this work, real-time PCR (RT-PCR) was used fdiPSgenotyping. It relies on the ability to
measure product accumulation during the exponepitiate of amplification. Real-time means that pFsgr
and increasing numbers of DNA copies can be obdeaag time during the reaction. This is possibEnits
to variable fluorescent reporters that bind to iyesyinthesized dsDNA. Hence as the number of gepieso
increases during reaction so the fluorescence asese (Kwok, 2001). The output from RT-PCR reactson
in a form of a graph showing the number of cyclésere one cycle envisages denaturation, anneatidg a
extension, against the increasing fluorescence.cybke number at which the amplification plot cresa
threshold is called the Ct value. The lower thev&@ltie the greater the starting amount of DNA @fual,
2006). It is a high-throughput screening tool thas a potential to detect outbreaks, unveil nevgeiaus
variants of strains, control infection in healthedacilities, and monitor food-borne disease. RTRPE
capable of detecting biologically relevant SNP<linical isolates. It distinguishes between twdfatigént

bases within a known sequence by means of all@eifspprimers (Kwok, 2000).

2.3.1. Pneumolysin

Pneumolysin (Ply) is a multifunctional toxin pro@acby Streptococcus pneumonig@lexanderet
al., 1998). The gene is annotated SP_1923 in TIGRémge, Ply appears to be chromosomally coded. There
is an increasing body of evidence that Ply is diydavolved in pathogenesis. The 53-kDa proteislightly
curved and belongs to the family of thiol-activateains (Boulnois, 1992). Genes for these toxingeha
undergone extensive divergence from a common arcé8oulnoiset al, 1991). Ply shows a sequence
variation of 3.3%. Antibodies detected by enzynmiéid immunosorbent assay (ELISA) provided evidence
that the toxin is producdd vivoand that it acts within extracellular environmetaclerskiet al, 1988). It
is a heat labile cytoplasmic enzyme irreversibljiliited by cholesterol (Jedrzejas, 2001). As Phais
member of the cholesterol-dependent cytolysin (CE@)ily, it can only bind to membranes that contain
cholesterol. In fluid solution, free cholesterobtis pneumolysin’s linkages so it will no longendbito
cholesterol-containing membranes of host cells.i®iyissing an N-terminal signal sequence for frarns
out of the cytoplasm, which confirms its intrackdlulocalization (Walkeret al, 1987). Ply from a
representative strain is made of 1416 nucleotigesding 471 amino acids. A sequence of 11 amindsaci
including the unique cysteine (Gyg and histidine (Hig,) is the largest contiguous stretch of identity
among CDC proteins. This highly conserved Cys m@ETGLAWEWWR) at the C-terminal end of Ply is
thought to be important for the cytotoxic activi@erry et al, 1999). Ply also possesses limited sequence
homology with human C-reactive protein (CRP) anchas Fc-binding capacity. The Ply gene can be
successfully expressed to high level&stherichia col(Mitchell et al,, 1989).

Secretion of Ply is very controversial. New infotioa keeps occurring. One possibility is that Rly i
located in cytoplasm. It was previously believedtthutolysin (LytA) is responsible for Ply releah&ing
autolysis in the stationary phase (Lastkal, 1992). Balachandragt al shown that few strains of serotypes

3, 4 and 6A do not require LytA for the release #mat Ply was present in supernatant of thesenstrai
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cultures prior to mid-log phase. Experiments protreat Ply was secreted into the external mediurthén
absence of autolysis, and the release was not @ause lysogenic bacteriophage. Some unidentified
nonlytic mechanism could explain this phenomenadns lalso possible that various pneumococci have
developed distinct expression kinetics of Ply (Bh&ndranet al, 2001). Another hypothesis is that
competent cells (CC) trigger release of viruleradrs including Ply from non-competent cells (N@thin

the population of the same bacterial species. pheomenon was named allolysis. Allolysis is a demp
process involving at least 6 genes. Upon the irigntantact with NC, CC can activate autolytic enggm
from targeted cells. CC themselves are equippeld avitelement that confers immunity to the competenc
mediated lysis thereby protects them. CC can befrefn NC lysis, because they use nutrients as agll
released virulence factors. Allolysis is probablyoal of competition among strains, a predatiomatstyy
conserved among transformable streptococci (Geirall, 2005). Apparent strain to strain variation ie th
contribution of LytA to Ply release suggests thétigher Iytic enzyme, glucosaminidase, may coniteto

the release (Garcit al, 1989). According to the last discovery, Ply nieylocated at the cell surface. The
placement might be under control of two conservedeg (SP_1924 and SP_1925) upstream of Ply
(SP_1923) (Yadaet al, in preparation).

Despite many detrimental properties, it is not asomable to speculate that Ply preferably promotes
carriage, maybe its virulence potential is only ifested within normally sterile body sites or that
cytotoxicity is just a result of highly sensitivecognition system and subsequent excessive defence.

So far known impacts of Ply presence include hageml activation of classical pathway of
complement in the absence of specific antibodieibition of antimicrobial functions of human
polymorphonuclear leukocytes (PMNLs), bactericidalivity of neutrophils, lymphocyte proliferatiomé
synthesis of all immunoglobulins classes, slowihgibal beating of respiratory epithelium, stimtitan of
proinflammatory cytokines production, disruption milmonary tissue barriers, and other regulatory an
cytopathic effects within anatomical sites suchceastral nervous system, inner ear, eye, lymphaisug,
upper and lower respiratory tract (Beeyal, 1995). Ply alone can induce salient histologfeatures of
pneumonia when inhaled into murine lungs. Whatdelgs not seem to be involved in is the nasophaafnge
colonisation. It disposes of a high affinity to fheg tissue (Rubinet al, 1998a).

This major pneumococcal virulence factor inducesslpf eukaryotic cells including RBCs. Higher
concentrations of Ply are cytolytic for eukaryatills with cholesterol in their membranes and epdites
are particularly susceptible to the toxin. NatiVg Fas a haemolytic activity of between 5 X H#hid 1 x 16
haemolytic units per milligram of protein (HU/mgj.structurally similar perfringolysin fronClostridium
perfringensprompts that Ply consists of four domains. Thecgss of pore-formation is depicted in Picture
1. Domain 1 provides a solid base for the resthef protein, allows oligomerization once the protisin
incorporating into the membrane, and its negatharge determines orientation of formed oligomerthin
membrane. Domain 4 harbors conserved loop richyiptdphans (Trp), it is responsible for membrane
binding and pore formation. Side directed mutagisngsidies have revealed that a motif with the @@yg
and Trp are somehow important for haemolytic aigtiveven though the overall structure is essenditier
than single residues (Saundetsal, 1989). The bottom of domain 4 only participaitegenetrating the

6



hydrophobic bilayer. Membrane binding promotes anfigrization in which domain 2 is involved creating
so-called pre-pores. Once the oligomers are credbey no longer need cholesterol to penetrate the
membrane. To complete the pore formation, domalisSociates from domain 2 and approaches membrane.
Domain 2 contains sites involved in self-assocratd Ply monomers (Andrewt al, 1997). The last step
involves unfolding of domain 3 helical regions anderting them into membrane. Insertion of the girot
into the lipid bilayer is in contrast to bindingitaa temperature-dependent process. Membrandievée to
serve as an anchor for Ply monomers so they camds, create transmembrane channels of 230 — 260 A
and break the membrane (Tilleyal, 2005).

Picture 1. Crystal structure of the soluble Ply monomer (Ajl amajor stages in pore formation: membrane
binding (B), oligomerization (C), pore formation)((Tilley et al, 2005).

Probably only a small number of pores is sufficientdisrupt membrane integrity which leads to osmot
disbalance, leakage of high-molecular weight cysplic molecules and eventually cell death. A parié u
has size of 30 — 35 nm and it can consist of upOanonomers (Boulnois, 1992). Cell lysis is impotta
during sepsis, for acute lung and neuronal injbagterial growth in the lungs 3 to 6h after i.bdnlation,
and neutrophil recruitment (Bentehal, 1997a), (Marriotel al., 2008). Point mutations in Hisand Trpas
eliminate haemolytic activity and improve survivate in mice during first 6h post infection (p(Jpunblat
et al, 2003). Surprisingly, substitution of Higby Tyr results in loss of 98% of haemolytic actvidnother
study describes mutations at residues from 4336within conserved Cys motif as affecting neitbekl
binding nor oligomerization formation; however, shemutations did affect haemolysis: mutated Ply was
discovered to form more large channels than di@ktPredominantly small channels caused by witéhg
to close in response to bivalent cations and thisa longer true for large channels. jgghas the most
profound effect on the haemolytic activity of PKofchevet al, 1998).

Ply activates classical pathway of complement iedelently on antibodies, a property common to
Ply and CRP (Boulnois, 1992). It is the region opartial amino acid homology with the CRP that is
responsible for binding of Fc region of IgG as wadl for complement-activating property (Mitchellal,
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1991). Ply increases complement activity by bind®fg. A question why pneumococcal toxin would
activate a host defence mechanism might be expldigea presumption that Ply released from bacteilla
sidetrack the attention of complement from thenlivcells. It would also deplete complement compswsa
there would not be enough molecules to opsonisditirey bacterial cells. Also, enhanced complement
activity contributes to inflammation, host tissuanthge, and promotes virulence and influx of nutrien
containing serum to the site of infection due toréased vascular permeability (Hammerschreidal,
2007). The complement-activation property was shtwe important for bacterial growth in the luraged
blood 24h after intratracheal (i.t.) inoculatiorackerial persistence within the lungs, T-cell réonent,
inhibition of PMN-mediated killing of pneumococend for accumulation of immune cells in the lesions
Complement activation and antibody binding mecharigare thought to be related. Tyrosine ¢dyrand
aspartic acid (Asfgs) located in one of the regions alike CRP may bpairtant for both (Bentort al,
1997a). The complement-activating property seemsbeo irrelevant when bacteria are introduced
intraperitoneally (i.p.) while intranasal routen(). requires both complement-activating and lytioperties
for full virulence. Ply works in concert with pneogoccal surface protein (PspA) in order to overcome
complement-dependent innate immunity. PspA decsetise intensity of C3 deposition dhp.and Ply
ensures a lower proportion of opsonised bacteri@B8y(Yusteet al, 2005). Activation also occurs with
membrane-fixed toxin and this may result in dimnplement-mediated attack to host cells (Patc@6)L9

Haemolytic and complement-activating functions wdridependently on each other. Unlike
complement-activating property, cytotoxic activign be inhibited by cholesterol-treatment, whichum
seems to promote complement-activating propertyo(Pet al, 1984). A question how much is Ply really
important for overall virulence of the pneumococéizs been asked. Both of these functions described
above support early growth of bacteria in lungugsscause damage to the host by inducing inflanamati
and confer resistance to antimicrobial mechanisfithe host but that is it. Even though substitusiarf
Hisgsy — arginine (Arg), Asgss — asparagine (Asn), Cys — glycine (Gly) and Trgs; — phenylalanine
(Phe)that abrogate cytotoxic and complement activatingperties increase survival of mice after i.n.
inoculation, it is noteworthy that those mutatiorslonger make any difference in bacterial muitiglion
rate after 48h p.i. in comparison to wild type (&tain bacterial loads (Jounbkittal, 2003). In conclusion,
Ply aids pneumococci by preventing host responsgsgicolonisation or the early stages of infectibut in
contrast, when disease is firmly established, Bhtributes to virulence and survival of the pneuaustis at
two distinct stages of infection by helping drivecessive inflammatory responses (Kadiogial, 2000).

One of the strongest antimicrobial capacities ofman immunological system is the oxygen-
dependent antimicrobial activity of PMNLs. Reactiggygen metabolites such as®d released from
PMNLs result in metabolic changes and subsequespiregory burst that promotes inflammation during
pneumococcal infection. The burst helps opsonisatiediated killing of bacteria. However, should the
PMNLs work; first they must approach bacteria asel distance. This is when another Ply functiome®
on the scene. Low concentrations of Ply with neafbn cell viability significantly block PMNLs migtion
and chemotaxis thereby inhibit killing of pneumocioé region of a toxin important in the lytic mesafism
is believed to be involved in these effects on PidNMitchell et Andrew, 1997b). Establishment of bonds
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between Ply and PMNLs can be abolished by mearhalésterol pre-treatment (PatenFerrante, 1983).
Higher concentrations of Ply have been implicatecearly polymorphoneutrophils (PMNS) recruitment.
PMNs are believed to contribute to bacterial dissation resulting in bacteraemia and early death.
Apoptotic PMNs attracted by Ply tend to persistha lungs and aggravate the inflammation; they ato n
seem to control the bacterial burden (Magksl, 2007).

Cough reflexes, filtration, secretions and mucagil transport are examples of non-specific
mechanisms. At concentrations higher than 5 nghtyl,reduces the beating of cilia on human respiyato
tract epithelium hereby facilitates bacterial eritrghe lower respiratory tract (RubiesJanoff, 1998b). This
activity is associated with haemolytic property ampears at the late stationary phase of cultuledanng
autolysis. Epithelial disruption, separation ohtigunctions, impaired cilia and stimulated mucusduction
are favourable conditions for bacterial colonisati®ly alters alveolar permeability which could dei@
nutrients and antioxidants influx (Steinfettal, 1989). Other ciliated cells like those of brapendyma are
negatively affected by Ply cytotoxic property tddafriott el al., 2008), (Hirstet al., 2004). Cytopathology
of cerebral endothelial cells dependsdannovosynthesis of Ply, tyrosine phosphorylation, andigidy on
caspase activation (Zysk al, 2001).

The early response to the pneumococcus is guacbteT-cells. These CD4+ cells are attracted by
pneumococcal toxin Ply. Neither prior CD4+ cellsiation nor the haemolytic property of Ply is ragd
for the migration process, not even a close prayirof the cells and bacteria. Another yet not known
molecule probably cooperates only with Ply framvivo-grown wt pneumococci (Kadioglet al, 2004).

Antibodies elicited against Ply confer partial jgaiion once the infection is established but db no
prevent colonisation (Marriotl al., 2008). Antibodies produced by mice exposed ¢ottixin are largely of
IgG class. The fact that the host immune mechameragnizes Ply is evidence that it truly is a faab
virulence significance. There are at least thraeopgs within Ply that react with neutralizing dudies.
Such interactions result in neutralization of Rjyotoxicity. Epitopes are situated within the dalding and
oligomerization sites in domain 2 (Toyesal, 1996).

It has been discovered that human monocytes iredetieeir production of tumor necrosis factor
alpha (TNFe) and interleukine-13 (IL-13) when exposed to stblggoses of Ply. These cytokines are the
major mediators of inflammation during meningitiackerial infections; they also activate endothediadi
epithelial cells which present more platelet-adtivga factor (PAF) receptors at their surfaces. HAd-
receptor belongs to a G-protein-coupled superfapitgeins and it normally binds PAF via its natdig&nd
choline. It is hypothesized that the PAF receptaviges a mechanism of cell entry, a way how to get
through the endothelial barrier, i.e. the bloodibraarrier (BBB) (Cundellet al., 1995b). Only virulent
pneumococci can engage the PAF receptor; a fattahlances the physiological significance of the
pneumococcus-PAF receptor interaction (Cundelhl, 1995c). Ply is even a better stimulator of TNF-
production than the cell wall components, but rotstrong stimulator as cell wall fragments contagni
teichoic acid in case of IL-1 3 (Houldswoehal, 1994). Monocytes-produced TNiFprovides protection
against lung infections with wt strains and IL-B3mportant in survival beyond 5 days p.i. (Benébral,
1998).



Ply was found to initiate nitric oxide (NO) prodiget in macrophages. Besides its function as a
neurotransmitter and a vasodilator, NO is als@@ngtantimicrobial immunity element contributinggeptic
shock and cochlear damage. Ply from a wt straimlywes dose- and time-dependent NO production by
murine macrophages and this production is stridéigendent on gamma interferon (IFNthe best known
activator of macrophages (Brawt al, 1999). Ply modulates IFNy production by spleen cells by a
mechanism different from pore formation. More oveseems that cytolytic property somehow interere
with the induction of IFN+y. As we already know, should the cytotoxicity mastf the overall molecular
structure of the toxin must be complete. Therefois likely that changes seen in nonhaemolytictqrs
render the protein different skills, i.e. IFiinduction (Babaet al, 2002).

Ply interacts with so-called Toll-like receptorsLEs), specifically TLR4 on the surface of
macrophages and this physical interaction doesmotve either lipopolysaccharides (LPS) or poratfing
domains. TLR4 subsequently trigger nuclear trardlon and activation of transcriptional factor KB-
Signalling pathway leads towards release of inflatary molecules such as NO and TdlFand eventual
cell death. Recognition of Ply by TLR4 confers paiiton against infection witBtreptococcus pneumoniae
after nasopharyngeal challenge (Mallgtyal, 2003). Ply-stimulated TLR4 activate apoptotioqasses in
pulmonary cells. Apoptosis of alveolar macrophagesthe upper airways during nasopharyngeal
pneumococcal exposure is a wanted event becays®ritotes clearance of the bacteria by killing the
infected phagocytes at an early stage of pneumatouncrine pneumonia but only when the original
inoculum is low in. It partially depends on caspaas well as on the cytotoxic properties of Ply. tOa
other hand, apoptosis during meningitis is deletexito the host’ nervous system (Srivastaval, 2005).
Exogenously given Ply does not induce apoptosishtytproduced by living bacteria does. Apoptosis is
beneficial during both colonisation and infectiohem it enhances the bacterial clearance and regula¢
inflammatory response, respectively. However, mgltage apoptosis is no longer beneficial in lethal
infections when damage to tissue is too extendilariot el al., 2008).

Studies with Ply negative mutant (PLN) strains paowards interesting findings; in all possible
routes of infection ((i.n.), (i.p.), (i.t.), intramous (i.v.)), PLN strains show reduced virulenceamparison
to wt strains, in case of i.n. route, PLN strains avirulent (Berryet al, 1992). Reduction of virulence is
accompanied with lower inflammation, slower multgtion within the lung and in the blood, decreased
injury of alveolar-capillary barrier, less intengenetration of interstitium of the lung, and delhymset of
bacteremia which becomes chronic after reachingcblony forming units per millilitre of the blood
(cfu/ml) (Berry et al, 1989). When compared to wt strain in the cowf@ vivo infection which was
capable of exponential net growth up to lethal*#Qcfu/ml), PLN stopped growing at %0 cfu/ml
regardless of the initial dose. This implies thdy Ihterferes with either function or generation of
inflammation-induced immunity and permits continuegonential net growth of pneumococci (Ben&in
al., 1995). The major effect of Ply deletion is aageih time to death, which results of an overabitii@ation
(Wellmeret al, 2002). However, it eventually happens anywaypidegshat infected hosts might be able to
control the level of sepsis. Neither cytoplasmic extracellular fluctuating production of Ply cabtrtes to
differences seen in virulence among strains ofousriserotypes, namely types 2, 3, 4, 5, and 6. Maely,
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a basic minimal level of multiplication, serotyp@daother virulence factors are responsible for the
discrepancies. It has been documented that fultgtional Ply produced by wt strains can compengate
Ply missing in mutant strains during vivo infections suggesting Ply’s effects exerted aistadce (Benton

et al, 1997Db).

Ply changes gene transcription in eukaryotic céllgast spectrum of consequences from this effect
can be drawn. Ply directly as well as indirectljeefs host transcriptional factors that may chahgst
responses, cell signalling, adherence, defencesandval. For example, sublytic doses of pore-fomgni
toxin open calcium-dependent pores, alter membidragge and activate p38 mitogen-activated protein
kinase (MAPK) in epithelial cells that leads to anded signalling and transcription pattern (Marraital.,
2008). A recent study noted that different opaghenotype plays a role in Ply gene expression.a w
shown that Ply gene is consistently induced ingppanent variants of bacteria attached to middleresrosa
unlike opaque variants (Li-Korotkgt al, 2009). On the contrary, deletion of iron-depetndeanscriptional
regulator (PsaR) gene seemed to have an impaciyogeRe expression too, which was downregulated
duringin vitro growth of TIGR4 strain. The virulence in murine aeb of pneumonia was the same for wt
and the PsaR mutant. The only implication whatsoexes that mice infected with the mutant expressing
less Ply had substantially lower bacterial load®4dt p.i. (Hendriksest al, 2009).

It was found that absence of Ply prevents developroé sepsis, retards onset of bacteremia and
subsequently the time to death. It was shown that §trains asymptomatically persisted within thads
for at least 11 days (264h) pointing towards poliisiihat maybe PLN strains posses a kind of atxgae
from not expressing Ply that allows them to survivéhe bloodstream and lungs without being elirteda
Although mutations in Asgs — Asn, Cysys — Gly and Trpss — Phe abolish Ply cytotoxic as well as
complement-activating properties, such a mutatesupococcal strain still retains nearly full virubenin
bronchopneumonia model of infection that is higtiean that of a PLN strain. These findings strongly
suggest an existence of yet unknown function ofdPlg its significance in causing IPD (Begtyal., 1999).
The triple mutant maintains the Fc binding capaditguction of IFNy secretion, and proinflammatory
responses by macrophages resulting from interattedween Ply and TLR4. It is inevitable to speaulat
whether these remaining abilities play a greaté no bacteremia than either haemolysis or compfgme
activation (Bentoret al, 1997a).

Ply exists in number of allelic forms and it is pably more variable than previously thought.
Fourteen Ply variants have been recognized in afsgéRl clinical isolates oBtreptococcus pneumoniae
(Jefferieset al, 2007) It is worth explaining that there might be many meariants of Ply alleles than just
these 14 protein types since variation on DNA lelags not have to be necessarily reflected in amai
sequence variation. Ply type denoted by numberaksggned to D39 laboratory strain of serotypel.2P
belongs to TIGR4 strain of serotype 4. Ply 5 issprd in all serotype 1 ST 306 strains tested pliseiotype
8 strains. The only difference between Ply 5 amgl & extra mutation at position 150 in Ply 5 ttianges
Tyr to His. It is a mutation unique to Ply 5. A theand times decreased haemolytic activity implieg t
although Tyrs is an important residue, other mutations (threergirhr,,) — isoleucine (lle)) are needed to
abrogate haemolytic activity completely (Loek al, 1996). Ply 5 produces a nonhaemolytic Ply. ELISA
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ruled out possibility that observed nonhaemolysibécause those strains do not express Ply. Inca mi
model of infection, haemolytic activity did not se¢o play a role in virulence of serotype 1 straohgither
ST 227 or ST 306 (Kirkharet al, 2006).

2.3.2. Hyaluronidase

Streptococcus pneumonidgyaluronate lyase was first described in Meyerisotatory in 1937
(Meyer et al, 1941) as ‘spreading factor.” It is commonly knowas hyaluronidase (Hyl), a bacterial
spreading enzyme that catalyzes degradation ofihy@hn (HA), a glycosaminoglycan in the extracalul
matrix of connective tissue, chondroitin and chaitdr sulphates. Its multi-functionality in an orgam and
high turnover makes this association interestingafng of these substances promotes bacteriakionwa
further into the host. Degradation products suclglasose and glucuronic acid can also be utilizgd b
bacteria as a source of carbon. The Hyl gene has partially cloned and it is annotated as SP_0814
TIGR4 strain genome. There is only one copy of tfése in theStreptococcus pneumoniaromosome
(Mitchell et al, 1997a). The full-length Hyl has a molecular virigf 107 kDa. The partially cloned but
active Hyl protein expressed . coli is approximately 89kDa and it best works at acid A — 5.8
(Jedrzejas, 2001).

Crystallographic studies revealed that Hyl moledwds two domains connected by a linker; the N-
terminala-domain which forms a major part of a cleft in theldle of Hyl where binding and degrading of
HA takes place, and the C-terminal 3-domain whiabdutates Hyl's activity rather than degrades HA
directly (PonnuragtJedrzejas, 2000). Amino acids AgnHissgg and Tykeg make up the active centre of the
enzyme. Higg is a key catalyzing residue and Jgracts as a proton pump providing proton from
surrounding water molecules to break down a glygtosbond (Linet al, 1997). Positive and negative
charges in the cleft and HA, respectively; hold teole structure together during R-elimination teac
(Ludowieget al, 1961). Weak binding interactions such as sattges, ionic interactions and hydrogen
bonds help keep the reaction going. The degradaiifocess is endolytic; once the enzyme binds the
substrate, it progressively cuts it from the redgaend until it leaves only mostly unsaturated cibarides
being the smallest degradation products of HAdiLal, 2000). Residues concerning substrate binding and
degradation are highly conserved among streptotb@ses (Jedrzejat al., 2002).

Hyl belongs to the family of cell wall-anchoredof@ins showing the C-terminal LPXTG motif
without the N-terminal signal peptide. It is fouimdboth pneumococcal culture supernatant and tHe ce
associated fraction. Hyl is actively secreted dyring-phase growthin vitro. It is produced by a vast

majority of clinical isolates but with a considel@bariation in activity (Meyeet al, 1941).

2.4. The success of serotype 1 ST 306 strains

It has been suggested that pneumococci are proadréely recombining population structure with
epidemic spread of successful clones (ldbdl., 1996). Primacy in causing invasive disease obangtime
and varies with geographical locations. More rdgeiitseems that the severe pneumococcal dissasest

often caused by serotype 1 strains initially clesdiin 1913 (Sandgreet al.,2004). In contrast, serotype 1
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is very rarely or never found among healthy casricause it is short-lived. Serotype 1 strain®vaiated
from different parts of the world. Brueggemagiral observed an inverse relationship between disposit
cause invasive disease and duration of carriagemire invasive isolate, the less commonly carineithe
nasopharynx. They didn't find any evidence of temapoor geographical differences in potential for
invasiveness among isolates (Brueggemelral., 2004). In every way, serotype 1 has a high kttate and
therefore is at the forefront of scientists’ atient

Pneumococcal serotypes are made up of genetidatinat clones (Jefferiest al, 2004). A study
focusing on geographical distribution of serotypstrains revealed that a few highly virulent pneaoezal
clones appear to be circulating around the worliest clones are capable of natural serotype swichi
MLST clustered them into 3 major lineages; lineAgepresents exclusively European and North America
isolates, lineage B contains strains from Africa #srael, and lineage C isolates come mainly framieC
Apart from England, ST 306 and ST 217 are prevadéaries of serotype 1 in Europe, Africa, and Israel
whereas ST 227 is the most common clone in Engleiogvever, these clones do not represent the main
cause of invasive disease in North America this ot possible to conclude which clone is respmadior
the prevalence of serotype 1 disease worldwided@yamanret Spratt, 2003b). Serotype 1 ST 227 isolates
were also found among indigenous Australian childngth unexpectedly high carriage rates. This maise
concerns about potential serotype replacement mdtivaccine serotypes that is more likely to happen
during carriage (Smith-Vaughaat al, 2009. It seems that clonal selection occurs among stthmiscause
bacteremia but not among those that cause memingittwedish study from the period 1987 — 1997 gsoin
out that serotype 1 with predominating ST306 istlom rise. Increasing serotype 1 clones are panicill
susceptible which means that the rapid emergenoeotebe attributed to selection by antibiotic usage
(Normarket al, 2001).

Another important pneumococcal serotype with prefgrio cause disease in older children and
adults is serotype 8 (Marlet al, 2007). Sequenced nucleic acid from wild typeisatATCC6308 revealed
some similarities with the allele serotype 1 staiirulence factor pneumolysin. That is why onetlw
serotype 8 strains was added to the analysis.

Nonhaemolytic Ply has been found in serotype 1 @ i8olates in lineage A, and serotype 8 ST 53,
a clone already dominant in causing invasive diséasScotland. A recently studied serotype 1 st&iin
3018 from lineage C with Ply designated as Ply 449ypervirulent too but its Ply possesses low
haemolytic activity. What is surprising is that skestrains with nonhaemolytic Ply were isolatedrnfro
patients suffering invasive pneumococcal diseasserhby serotypes 1 and 8 known to be associatbd wi
outbreaks. Unexpectedly, Ply 4496 strain grew fasteéhe blood than the wt strain with fully haerytas
Ply. Alignment of Ply 4496 with Ply 5 from ST306retype 1 and 8 strains revealed that Ply 4496 dosita
the same SNPs (Ths — lle, lysine (Lys.s) — Arg, alanine (Alasg) — serine (Ser)) and deletions (valine
(Valo7g), Lys,71) as Ply 5. However, it lacks Tigg— His which could explain the residual haemolytitiaty
of Ply4496 compared to nhonhaemolytic Ply 5 strakudditionally, Ply 4496 has a mutation Fh— Asn
that has not been reported previously. The fullni@gtic activity may actually slow down early
proliferation in the blood. These findings suggastle for haemolytic activity in severity of baemia
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whereas nonhaemolytic properties of Ply may be imapb for proliferation at the beginning of infeaiin

the blood (Harvegt al, 2011). Jefferiest al propose a hypothesis that this newly observedifeatf Ply is
maintained by the pneumococcus itself since it seentorrelate with certain clones that have unolegg
expansion. Ply 5 may confer some yet unknown a@dggnin combination with expression of other pratein
working in accordance and this may actually drivehsclonal expansion. Studies carried out by Alebeain

et al and Rubint alindicate that even a residual haemolytic activigkes a great difference in virulence
in comparison to completely nonhaemolytic or PLKaists. No relationship was seen between the total
haemolytic activity and virulence. Perhaps a safid intact structure of domains involved in ponerfation

and production of a minimum threshold level of Rysufficient for virulence (Alexandest al, 1994),
(Rubinset al., 1995).

2.5. Host colonization & colony morphology

Naturally, Streptococcus pneumoniag a commensal in the human throat and the nasgpha
(Jenkinson, 1997). It is possible though that pénals living in close contact to humans can bedtdd by
human isolates. It is not known whether pneumoccesiding in animals can re-infect humans (Linéén
al., 2009). The prevalence of usually 6 weeks lastsgmptomatic carriage is much higher than the
incidence of invasive disease that is rather a easnt. Persons who have only recently become za@dn
have higher chances to progress into state of ivevaksease (Patogt al, 1993). A patient may carry up to
four different serotypes. The invasive diseasdvigys preceded by at least short colonisation. $ioms,
the only one but a significant difference betweesokonizer and an invader is the invader’s abiigygain
access to a niche within a host and to invadedyarthat separate it (Dagerhamn, 2009).

The colony phenotype can be visually differentiataceither opaque or transparent variants by their
appearance when viewed on transparent solid agaaube of differences in transmission of light. The
opaque appearance is characterized by bigger aggt balonies with more production of polysaccharide
capsule and a surface protein A; it has an advarttagr the transparent phenotype once in the bicezds
during systemic infection. The transparency is liguaccompanied with lower amount of capsular
polysaccharide, smaller, transparent and coloudeksiies with bigger amount of teichoic acid il @ell
as well as a choline-binding protein A (CbpA). Tsparent colonies better adhere to surfaces; thesegs a
selective advantage in the colonisation of the plaagynx (Cundelket al, 1995a). Transparent phenotype
resembles pneumococci in the process of autolygisch would support the hypothesis, that during
colonization of the nasopharynx, bacteria haveebetbnditions to share the gene pool than duringsive
disease in the blood stream (SalejdVeiser, 1995). Those two phenotypes can be switspedtaneously
back and forth at frequencies of 3t 10°. This process is called the phase variation afsl bielieved to
exist in order to help bacteria to deal with thalldnges encountered in the nasopharynx and iiltus.
Since those two are physiologically completelyefigint niches, even though they are within one iddal
host, each phenotype may provide a selective adgardepending on where the organism is locatelgeat t
time. The capsular type plays a little role in fise variation if any at all; the presence of gkgpseems to
attenuate invasion of endothelial cells; that waenMglain the higher success rate of transparenéebaavith
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less capsular material in colonisation as wellnagvasion of the epithelium (Ringt al, 1998). However,
some serotypes seem to be more prone to changes éolonial morphology than other serotypes (Wesse
al., 1994). An assumption that it is rather the amaaiteichoic acid than capsule that influences the
phenotype variation has been made. It is the ttaunt of teichoic acid; thereby the choline itdBHt
seems to matter. No difference in structure oftémioic acids of either phenotype was observed(&i
Weiser, 1998). Opacity locus has been discoverellilding BOX A-C element, which alters the rate of
switching (Salujaet Weiser, 1995).

Especially young children are very likely to be aked, sometimes by more than one serotype
(Muller-Graf et al, 1999). It is assumed that children constitutean reservoir for pneumococci and a
source of spread to the adults and elderly indafislu With many other bacteria living there, the
nasopharyngeal environment can therefore servepaslaf genes that can be shared and exchanghhwit
the microbiological community, which again promoteariation. Natural competence for genetic
transformation is the best-characterized featuth@pneumococcus. The uptake of DNA provides &tien
pool to repair abundant mutations incurred by akigalifestyle during aerobic growth (Kadiogkt al.,
2008). It is known that DNA release and competemeecasually related processes.

It has been found that the overall diversity ishieigamong carriage strains than among isolates
recovered from patients with invasive disease.theowords, isolates of serotypes with a high ifweas
disease potential (i.e., types 1 and 7F) are geigtihighly related, whereas isolates belongingdmtypes
with less invasive potentials (i.e., 23F and 19f€) much more diverse (Sjostraghal, 2006), (Sandgreet
al., 2004). Robisoret al found that most invasive isolates were present gnmmarriage isolates too.
Apparently, the balance between the microbe anidoiss$ is very fragile and important to keep (Robmst
al., 2001). One of the other features of the capsude is that it can predict duration of carriagenssl as
the attack rate of the pneumococcus in childrem [Bhger the carriage lasts, the lower the attatdsrare
(Sleemanet al, 2006). In terms of energy costs of capsule prdn, a link between polysaccharide
structure and carriage has been discovered. Tleoey/ges that produce metabolically inexpensivesolas
have more amount of it and tend to stay in the plaagynx for longer period which results in higher
prevalence. This phenomenon may be explained byaittethat more amount of capsule means a better
protection against neutrophil-mediated killing, ahis one of the basic mechanisms of host immustesy
of clearing the pneumococci from the upper respiyatract (Bruynet al, 1992). It is a kind of trade-off;
pneumococci with more amount of capsule can evadérophils because it is well known that the cagsul
serves as a barrier rather than a target to nehitsofyhat is why elimination by phagocytosis car happen
notwithstanding that respective cell wall antibadége present on bacterial surfaces (Musher, 19%2se
heavily encapsulated pneumococci interact less thétepithelium which they need to interact witloider
to get deeper into the host. On the other hand, desapsulated serotypes are more prone to bd kijle
neutrophils but they interact better with the matasirface and have better chances to invade ttarhthe
end (Weinbergeet al,, 2009).
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2.6 Pathogenesis

2.6.1. Invasiveness

The pneumococcus remains one of the top 10 mostusehuman pathogens with high morbidity
and mortality (Coffey et al, 1998). It is particularly dangerous to the younglderly and
immunocompromised people in developed countriepitteghe existence of vaccine and antibiotics
(Hoskins et al., 2001). Apart from inducing local infections such asitis media and sinusitis, the
pneumococcus can cause life-threatening sepsisnamingitis and it is a leading agent in causing
community-acquired pneumonia (Hammerschnatltal, 2007). Both bacteraemia and meningitis can be
associated with pneumonia. An emergence of penicidind multi drug-resistant pneumococcal strains
doesn’t help the global situation (Sutcli#¢ al, 1996), (Brenwaleet al.,1998), (McGeeet al, 2001). An
example of such resistant worldwide spreading clertee Spanish strain of serotype 23F (Crouete,
2009). Interestingly, the resistance doesn’'t nesédgdead to a higher invasiveness (Ewigal, 1999). The
outcome of the pneumonia doesn’t depend only omtimber of viable microorganism but also on factors
such as male sex, low or high age, co-morbiditiesmUnity deficiencies, diabetes, bacteraemia, HIV
infection), absence of capsular polysaccharidebadies (Zysket al, 2003), mechanical ventilation,
smoking, alcoholism etc. that significantly incredbe risk of severe disease and death (Eire., 1996),
(Berg et al, 2006). According to Alaneet al, host factors are better predictors of the seyv@fitinvasive
pneumococcal disease (IPD) than microbial factekanee et al, 2007). Surviving pneumococcal
meningitis often means dealing with long-term dalineurologic sequelae and neurophysiologicallprog
such as seizures, motor deficits, hearing loss,niteg impairments and even mental retardation
(Hammerschmidet al, 2007).

2.6.2. Pneumococcal pneumonia — role of pneumolysin

Understanding the process of invasive diseasendaimental. WiStreptococcus pneumonidiée
cycle has three major events; transformation, atoer and autolysis (Tuomanen, 1997). Each phase is
triggered at a specific cell density consistenthwat quorum sensing paradigm. The first step towards
bacterial pneumonia is the spread from the nasgpbeaal reservoir downwards to the lungs in aerstaik
by inhalation. There the bacteria preferentiallg@mter the resting epithelial and type-Il pulmgneells
(Cundellet Tuomanen, 1994). The adherence to eukaryotic tel®se-dependent, quick, independent of
capsular type, and it is believed to be mediatedspgcial microbial proteins that link themselves to
glycoconjugate-containing receptors on the surfafceascular endothelial cells (Wizemaeh al,, 1999).
Pneumococci were proven to have toxic effects oithelml cells; cytoplasmic blebs, mitochondrial
swelling, cellular extrusion, and cell death welesearved in studies with electron microscope (Stefrdt
al., 1989). So far, transparent and opaque variatitesra continuously to inactivated host cells witbrenor
less the same low efficiency. Once these eukaryalis are activated by cytokines during the onddhe

disease, they upregulate expression of PAF recepidrich seems to be binding only transparent
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pneumococci in peaks-like fashion, a fact thatdinkulence to the ability to recognize new receptdt
results in enhanced internalization of the bacteyiaeceptor-mediated endocytosis and progressionthe
bloodstream (Cundedlt al, 1995a).

Ply was found to facilitate intraalveolar replicatiof pneumococci, penetration into interstitium of
the lungs, and the spread of the bacterium fromluhgs to the blood during experimental pneumonia
(Feldmaret al, 1991). It has a critical role in sepsis durihg first few hours p.i., however, once the chronic
bacteremia is established, Ply is no longer ablactoas a virulence factor. The role of the cytekins
complicated. Inflammatory cells release cytokirmgs isurroundings in response to Riyvitro. Ply attracts
an excessive numbers of neutrophils into the lumigsre they secrete IL-8 in dependence on extrdaellu
C&*. This chemokine recruits more neutrophils, acésathem and may contribute to the exaggerated
pulmonary inflammation (Cockeraat al, 2002). Neutrophils are the first and most ababd#lammatory
cells accumulated in the lungs. On the other h&hdcan also prematurely deactivate neutrophilierdes
avalanche as mentioned earlier, and disorientate ttiPatoret Ferrante, 1983). This probably depends on
different circumstances and concentrations. Pla idouble-edge sword because it both stimulates and
inhibits host responses vital to the pneumococeus i causes excessive pulmonary inflammation. Ply
activates phospholipase A in pulmonary artery emgl@l cells via forming transmembrane pores,

phospholipase A releases free fatty acids and salisect cytotoxicity (Marriotel al., 2008).

2.6.3. Pneumococcal meningitis - roles of pneumolgsand hyaluronidase

A similar pattern is seen in the development of imgitis. Pneumococcal meningitis is the most
severe infection a child can catch in its earlyldifood. It occurs during high level bacteraemia @&nd
accompanied by high fevers. The most serious ceatpdn during bacterial meningitis is the brain rede
caused by microvascular changes and damage toBBe(8mallet al, 1986). The transparent phenotype
shows significant increase in invasiveness to hubmam microvascular endothelial cells (Rieigal, 1998).

Ply occurs at concentrations from 0.85 to 180 ngm@SF of meningitis patients; such moieties are
able to exert pathophysiological effects (Spreteal, 2003). Since Ply disrupts the integrity of thezeabral
endothelial cells, it is the main tool utilized pgeumococci when it comes to getting across the BBBk
et al, 2001). Damage seen in meningitis infection &ibed to the host inflammatory response and rasult
neuronal apoptosis mainly in the dentate gyrusefitippocampus. Apoptosis is a biological prochasis
most responsible for the injury to the nervous esystand it is not influenced by polysaccharide ckpsu
(Braun et al, 2002). Ply is supposed to play a role during firet phase with its direct cytotoxicity on
neurons in concentrations above Qgiml. Even though pneumococci tend to stay andipiylin the CSF,
released Ply can diffuse into the parenchyma. dkieity of Ply is more severe than of host-deriv&®, in
vivo. After the cell wall components are released,amifination is triggered and caspase-dependent
mechanism sustains ongoing apoptosis (Mitckelbl, 2004). Overall impact of Ply on central nervous
system is often terminated by development of sensal deafness, because both supporting cells aind h
cells in the organ of Corti in the inner ear arpeesally sensitive to Ply’s cytotoxicity (Comeét al, 1993).
Ply defective in cytolytic but not complement-aetivg activity is not proapoptotic. Cells of eyéima seem
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to be damaged by Ply’s complement-activating fumctivhich is also important for CSF pleocytosis
(Marriott el al.,, 2008). Friedlanet al agree that Ply can stimulate inflammatory casaadée CNS, and
that it promotes invasion of the BBB, however, tlaggim that Ply is not necessary for the pathogsnafs
meningeal inflammation which is more likely caudedreleased cell wall components (Friedlaetdal,
1995). Moreover, Orihuelat al suggest that Ply is decreased once the bactea ©@SF because they adapt
SO as to decrease damage to neurons (Oriletiela 2004a).

Hyl is considered to be a potential virulence fa¢Rerry et al, 1994). Even though interruption of
Hyl gene was found to have no impact on virulentemvinjected i.p. into mice, double mutation in Bty
well as in Hyl genes resulted in even a lessellemze than observed with only Ply mutant (Bestyaton,
2000). On the contrary, disruption of Hyl gene tiraimis introduced i.n. caused a reduction in thalence.
These results indicate that in case of Hyl the @ui very much depends on the route of infection.igly
produced by all meningitis isolates, majority otistmedia strains and rarely by carriage straithciating
once again Hyl's role in breaching of the BBB. Thés no correlation between capsular type and Hyl's
activity, however, a loss of capsule leads to a lfsHyl's activity (Kostyukovaet al, 1995). Pathological
conditions such as obstruction of Eustachian tubaeration of the middle ear provoke Hyl expression
upregulated in transparent-showing phenotype bacatiached to the epithelium and opaque variantsd
in supernatant. It is thought that these conditiand also aerated environment trigger Hyl that @tes
adherence and invasion (Li-Korotlet al, 2010).Streptococcus pneumoniaé&ains demonstrate a strong
correlation between Hyl activity and the capacityimduce meningitis. The mechanism of Hyl action
probably lies within its capability to loosen tharber of the nasopharyngeal mucosa (Zwijnenkairgl,
2001).

2.6.4. The roles of serotype and sequence type

Although pneumococci belong to one of the most ™igespecies in terms of clonal and antigenic
variability, only a few serotypes are associatetthwie invasive disease, for example serotypes 1F49V,

14 and 18C, and some are associated only withagerrii.e. serotypes 3, 6B, 19F, 20, 23F and 27
(Brueggemanret al, 2003a), (Sandgrest al,, 2005). Serotype 3 is heavily encapsulated aadt like an
opportunistic pathogen. However, when it does imydt is more severe than a disease caused by less
encapsulated strains; those are usually more wdsit cause no deaths, such strains behave aarprim
pathogens (Sjostroet al, 2006), (Weinbergest al, 2010).

It is inevitable to speculate to what extent thgadslity of pneumococci to cause invasive disease i
determined by the capsular serotype or the sequigpee Undoubtedly, the capsule is one of the most
significant virulence factor pneumococci possessweler, since we can determine the sequence type, a
question whether it's genotype rather than serotyya¢ plays the main role has been raised. Sohfar t
studies made clear that genetic aspects are i tahtion to serotype properties when it comes to
invasiveness (Brueggemasnhal, 2003a). Just like only a fragment of all exigtserotypes causes invasive
disease, few particular clones are overrepresantéisease compared to carriage. The fact thainstiet
same serotypes and STs yet behave differently imarinfection models can be explained by additiona
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guantitative and qualitative variations in virulerfactors between isolates (Silhal., 2006). For example,
serotype 14 has been shown to include carriageeslas well as invasive disease clones (ST230 a8d7ST
respectively). A clone is a group of isolates #tare identical sequence of all seven genes.divedsks the
other way round, when within 1 ST at least 2 ddferserotypes exist and this could be explainec by
recombination event resulting in a phenomenon knasvoapsular switching. That is a case of isolatE63
with serotypes 19F and 9V (Sandgegnal.,2004). Capsular switching might happen more fretiyehen
previously though. It is assumed that the longeirs$ stay in the nasopharynx (or the more oftey tre
carried), the greater opportunity to switch the@ipsules by means of transformation of their capgedaes.
Serotype replacement that occurs under the sedegiessure of a host's immune system and current
pneumococcal vaccine seems to be quite a frequmemtopnenon among natural isolates and this couttl lea
to a rise of the vaccine escapes (Kelhyal, 1994). It is of concern that serotype replaceamaay favour the
emergence of successful strains, originally of ireccserotype that have acquired a nonvaccine capsul
through serotype switching. In truth, if vaccineadgpes are hardly carried, there is a little cleatirey
would have enough time or opportunity to switchitikapsules with those being carried in the nasopixa
and thereby less harmful. Logically speaking, higegels of carriage of nhon-vaccine serotypes showt

be a problem as long as they are poorly invasivenéldeet al, 2005b). Experiments carried out with
isolates of identical genetic background but déférserotypes and with same serotype but distinisep
field-gel-electrophoresis (PFGE) patterns indidate the extent of bacterial virulence cannot bedjoted
from its capsular type alone (Nebenzahial, 2004). For instance, 6A and 6B strains vary tfyaa their
disease potential. It is not known whether it i€dwese their capsules have a little bit distincticttre
(different linkage between the rhamnose and ritstadars), or whether variant STs are to blame.ufcac
long story short, rather a combination of serotygenetic background, and site of infection and fexstors
determines the outcome (Kadiogital, 2002).

2.7. Virulence factors

2.7.1. The capsule

Streptococcus pneumoniag equipped with wide range of virulence factorsieCof the most
explored and studied one is the polysaccharideutapk clearly plays a role in disease; acapsuiatants
are avirulent (Mageet Yother., 2001). Even though the capsule itself migha barrier for adherence in the
nasopharynx because it can hide some of the imgosai@hesive molecules, at least a basal level isf it
certainly needed for colonisation (Riegal, 1998). It prevents mechanical removal by muaushe basis
of repulsion of negatively charged capsule and realccomponents (Zysit al, 2003). Electron microscopy
studies show that thickness of the capsule is edlupon the intimate contact with respiratory egigth
cells, where it is no longer needed. Lesser amobimapsule enables adhesive molecules to be exposed
hence it promotes adherence (Talbbal, 1996). But it is a double-edge sword. As theuxntd of capsule

decreases, the pneumococcus becomes less pathageritns of its capability to escape the immune
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system. Changes in levels of encapsulation areapitgbregulated by genetic mechanisms in order a&ptd
to given conditions (Hammerschmidt al, 2005). Capsule is sine qua norof virulence on which the
survival of bacteria in the bloodstream dependshdfes the most important role of this key virulence
determinant is preventing phagocytosis therebyeptotg the bacteria from ingestion by macrophaijes.
fixes complement and degrades its componentsnitrestrict autolysis and reduce exposure to aritdsio
Capsule is a kind of shield that protects putatdaeterial surface proteins from being inactivated b

circulating host antibodies. The capsule aloneesuns inflammation (Tuomanen al, 1995).

2.7.2. The cell wall

Underneath the capsule lies the cell wall. Besitles main component peptidoglycan, C
polysaccharide and lipoteichoic acid strongly ativthe alternative pathway of the complement ckesca
bind C-reactive protein, promote coagulation, irelagtokines and PAF, draw leukocytes. It is welbkn
that tissue injury during invasive disease is cdusehost immune system, but it is the pneumococetl
wall bioactive pieces that trigger that damaginfigmmation when they are released during bactéaisl
phase of life, the autolysis (Mitchelt al., 2004). This situation resembles a final calf ibacterial cell must
die, at least its parts will help the rest of baetdy increasing inflammation which seems to bkeg
prerequisite for invading human epithelial cellsl dacilitates further spread into other tissues QMiterset
Tuomanen, 2001). Above that, autolysis could beeahanism how to exchange genetic material via the
release of DNA. Once in the bloodstream, pneumacimteract with vascular endothelium. Both intact
pneumococci and purified cell walls were found tthexre specifically to endothelial cells, cause cell
separation, slowed ciliary beating and serious maliggical damage resulting in eventual destructbn
these cells in dose and time dependent manneideSiaty wall parts are stronger inflammation inciscéhan
is the intact cell wall. This observation shouldtbken into consideration when administrating aotits
because they may even augment the harmful effégmeumococcal pneumonia and induce irreversible
shock (Tuomaneast al, 1995).

2.7.3. Adhesins

Since hardly any strains possess any fibrils, aratfechanism of attachment to host cells must be
employed. Surface of the pneumococcus is bordeittdawast repertoire of proteins that may be sameh
involved in pathogenesis. Since every single cas@neumococcal invasive disease or at least non-
pathogenic colonisation starts with attachmentast leells, great attention is given to adhesinafeaccine
made of these adhesins would stop the invasiotsindry beginning. Even better, adhesins are ghyera

conserved antigens eliciting protecting 1gG antibsdWizemanret al, 1999).

There are three classes of proteins in the geneisnpococcus.
(i) Surface proteins are characterized by LPXTGHiintbat serves as a cleavage site and fixatiom of
protein to the cell wall by sortases. LPXTGE pnoseare therefore important for the interaction witst

cells and appear to be highly variable (Brickeeal, 2004). These include three neuraminidases (NanA,
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NanB, NanC) (Camarat al, 1994), Hyl, IgAl-protease, zinc metalloproteaG@apB, ZmpC and ZmpD),
and surface proteins lacking the LPXTGE motif, @sel glyceraldehyde-3-phosphate dehydrogenase,
pneumococcal adherence and virulence factor A (RasAd Ply (Hammerschmidt et al, 2007). NanA
cleaves terminal sialic acid residues not only frgiycoproteins, glycolipids and oligosaccharides on
eukaryotic cell surfaces but also from LPS on nbabcompetitors in the nasopharynx suchNessseria
meningitidisand Haemophilus influenza&hakhnovicret al, 2002). Desialylation is an enzymatic reaction
that unmasks ganglioside receptors possibly impofta adherence; it also decreases the viscos$ilyng
mucus (Kinget al, 2005). This may explain why attachmentSofpneumoniato respiratory epithelial cells
is enhanced following infection with neuraminidgwseducing influenza virus. Cleaving sugars from the
mucosa provides a source of carbohydrates for halctaetabolism. Adhesin-like function of this peot
promotes invasion of the brain endothelium. IgAatpase cuts human IgALl into two fragments, Fab and
Fc. Fab fragments chunked like that retain itsgamtispecificity and bound to bacterial surface @nting
binding of an intact antibody. PavA and enolasenowith fibronectin and plasminogen, respectively,
enolase potentiates degradation of the extracelddrix thereby these promote colonisation.
(i) The second class represents surface lipopretehat bind to palmitic acid in the membrane.
Pneumococcal surface antigen A (PsaA) is a divdlérkDa metal-ion binding lipoprotein componentaf
ATP-binding cassette (ABC) transporter system, Wwiigcrequired for processing and export of biolatijc
active peptides.
(iif) Choline binding proteins (CBPs) as the thadd most unique class are noncovalently and rdahgrsi
bound via the conserved choline-binding domainttesphorylcholine in the cell wall (Gosimt al, 2000).
The number of CBPs depends on a strain and it eay vom 13 to 16 CBPs. Basically, CBPs family
includes members of pneumococcal surface protéisgA, CbpA) and cell wall hydrolyses (LytA). PspA i
one of the most polymorphic pneumococcal proteihsclv sequence substantially varies among isolates
(Sadowyet al, 2006). It is expressed by virtually all seroty@end is believed to have a protective potential.
Interestingly, it functions oppositely to other pm@coccal virulence factors; as a matter of fashAP
inhibits complement activation. Such paradox hagliige reasonable explanation; complement inhibitgn
desired at the beginning of the infection when pmecocci are still alive and multiplying. Later omhen
bacteria lyse, complement activation leads to lgsid enhancement of the inflammation, pneumoceeailir
the stage of no return (AlonsoDeVelaseoal, 1995). ChpA is the largest and the most abundérie
CBPs. Also, it is the first known protein adhesim pneumococcal surface. It creates a bridge between
choline in teichoic or lipoteichoic acids and hungigicoconjugates. This link is restricted to cytudd
activated human cells. CbpA clearly promotes thkeaehce LytA is the major endogenous enzyme of
pneumococcal cell wall hydrolyses. The enzyme hared to the cell membrane in an inactive staté un
the cell wall biosynthesis stops due to nutriemingttion or treatment with antibiotics. Its maigaind
choline is necessary for conversion to active stdtavertheless, high levels of choline in mediuthibit
LytA actions. It specifically cleaves covalent beraf the cell wall main constituent peptidoglycadtcing
cell wall breakdown and eventually death, whiclwtsy it is called a suicidal enzyme. It is this emeys
activity which the bile solubility test is based. duytA participates in cells separation and it \&expressed
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during competence suggesting its promotional famctduring DNA release and competence. During
invasive disease, human lysozyme, the first-lingt hacteriocin that accumulates in secretions afi@mned
tissues (Cottagnoudt Tomasz, 1993) triggers LytA activity whereby inadently worsens course of the
disease, because the most important consequenckytdf action is the let out of intracellular
proinflammatory components in high local conceintreg at the site of an infection (LopetGarcia, 2004).
Last but not least, a pilus has been identifiesame clinical isolates (Baroccéi al, 2005). Pilus is a long,
flexible, extracellular organelle covalently attednhto the peptidoglycan in bacterial cell wall amd
facilitates docking with receptors on the host salifface mediated by adhesin protein located diphef the
fimbriae (Abbotet al, 2007). Pili render the pneumococcus an advaraa@elhesion to epithelial celis
vitro, at colonisation and invasion vivo, and finally they augment the host inflammatorgpanse. A
second type of pilus was recently identified iraists of newly emerging highly invasive isolatesefotype

1 ST 306 and serotype 4 ST 205 that lack the tfiyst pilus suggesting its role in invasive dise@sgnoli

et al, 2008), (Normarlet al, 2008).

2.7.4. Regulation of virulence

As mentioned aboveStreptococcus pneumoni@an damage various types of tissue. Such tissue
tropism proposes an existence of tissue-specificlance factors and their regulators. Using sigmatu
tagged mutagenesis (STM) technique, Hav&amilli identified several virulence factors: Ooemponent
regulatory system (RIrA) controlling genes respblesfor mucosal attachment and two-component system
in charge of the adaptation to environment. Havdé @amilli used STM to track a pool of bacteriabsts
from one starting point to other sites in the aninibey found that the systemic infection was rattienal
due to a few strains recovered from the bloodstrédaan caused by a larger founder population. Other
researchers also agree that the key point in pathioity is the ability to sense and respond to gearwithin
host environment (Havet Camilli, 2002).

Apart from virulence factors specific for pneumoiiigtA, NanA and Hyl), genes accountable for
metabolic pathways are indispensably needed foptatian and not for specific steps during infection
These include purine biosynthesis, anaerobic mésaonutrient requirements (glutamine synthe#&C
transporters, proteases (IgAl protease), DNA maatiftn (mismatch repair), and adaptive responses
(transcription regulator RegR). Mutations in themmnes evinced low virulence in pneumonia model of
infection (Polisskt al., 1998).

There is a fine line between a relatively harmlemmmensal and a quite formidable foe which the
pneumococcus becomes when the watershed comesdufharbacteria undergo major switch in gene
expression in order to adapt to different nichlee (tasopharyngeal mucosa, lung mucosa, blood, T8E).
shift from a colonizer to an invader is not fullpderstood, however, it is considered that thereatifeast
two distinct physiological states from the pneuntmad point of view. As it can be observed framvitro
studies, pneumococci take one of these two forma difestyle; a planktonic or a biofilm-like state.
Likewise, bacteriain vivo float in the bloodstream or survive as biofilm ptgiion in pneumonia or
meningitis models of infection. Experiments confinthe hypothesis that the overall pattern of gene
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expressionn vivo during sepsis resembles the onénofitro during exponential growth in liquid culture, and
that the genes upregulated in tissue infectioroaeeexpressed on agar plates too. SpecificallyaRtyPspA
genes are upregulated in blood and cultures whéteas, ZmpB, ZmpC, IgAl-protease and competence
stimulating peptide (CSP) expression is increasegrnieumoniae and meningitis infections and on agar
plates. Importantly, the switch from one lifestytz another decides the fate of the course and shsea

severity (Oggionet al, 2006).

2.8. Anti-pneumococcal immunity

The interplay between host defences and pneumdcéactars is complex. The innate immune
system represents the first line of defence agadinst pneumococcus. Complement, neutrophils and
macrophages are non-specific host weapons develiopedder to react rapidly. The following adaptive
immunity largely depends on how the innate systeatrks and these two mechanisms are linked up
(Patersoret Mitchell, 2006). The classical pathway is the maf$¢n and dominant pathway of complement
activation during pneumococcal infection (Broenal, 2002). C3 is the key complement component that
binds to a bacterial cell membrane via a speay@ In its absence, C3 binding depends on botkl&ssical
and the alternative pathways and partially on @tgM. This binding can be abrogated by the preseof
pneumococcal capsule (Tuomaretnal, 1995). The main effect of complement is to prenapread of the
bacteria from the lungs to the blood, however, ottee sepsis is established, the complement provides
opsonisation (from the Greek word for “preparingd®) of the bacteria via C3b deposition on capshé
facilitates opsonophagocytosis by neutrophils amossquent clearance of a pathogen from the systemic
circulation in the spleen and liver. This mechanisnthought to be the most important tool for imnat
immunity against systemic and mucoSaleptococcus pneumoniagections in mice (Bruyret al, 1992).
The pneumococcus has invented several mechanismodén to avoid such elimination. Apart from the
capsule, the already mentioned pneumococcal sugemein PspA prevents the alternative pathway of
complement activation. A huge contribution of Riyésistance to complement-mediated killing is ulised
above.

When it comes to the adaptive immunity, immunoglots) T and B cells play the major role,
however, complement is necessary to achieve eftectearance (AlonsoDeVelaset al, 1995). CD4+ T
cells otherwise known as T helper cells that presertigens on their surfaces also contribute tdyear
response to the pneumococcus. They were showng@taito lungs during pneumococcal pneumonia. Ply
strongly contributes to T-cells migration towardscteria but it is not the only factor here (Broenal,
2002). The best protection against the pneumocasauarranted by type-specific long-lasting antilesco
polysaccharide capsule. Once on the bacterial cyrfthese antibodies bind directly to macrophages o
activate C3; it deposits on bacterial surface amadtdsia opsonised like this are then destroyed by
macrophages which possess Crlg receptor for C3n Elweught other antibodies; i.e. to the cell wall
constituents provide some degrees of protectioreumococci visible by such antibodies are not

phagocytised by neutrophils.
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Prophylaxis of pneumococcal disease is represdmtedaccination or antibiotics in more extreme
cases such as outbreaks at day-care centres. mmusb as the emergence of penicillin-resistant rsgrai
became a world wide problem ever since its firscavery in 1965 (Sibol@t al, 1992), development of
more effective and better vaccines has been iedigcGeeet al, 2001). Since 1983, when a 23-valent
vaccine consisting of the most common 23 serotywaesintroduced, attempts to upgrade the prote tiawe
been made (Watsaet al, 1995). Not only this polyvalent vaccine does eatfer protection against all other
remaining serotypes which means that people frofferdnt geographical regions may be exposed to
different prevalent serotypes and such vaccine dvoubt protect them, but also purified capsular
polysaccharides are thymus-independent antigen®libd neither immunological memory nor class i
which means that mainly IgM antibodies are formethwo booster effect. Another limitation is thatrhan
response to polysaccharide antigens is related@¢caad that children less than 2 years old areablet to
produce relevant IgG antibodies due to delayed rattun of B cells. These obstacles can be overdmyne
conjugation of polysaccharides with protein cagidProteins are thymus-dependent antigens so tleey a
capable of CD4+ T cells stimulation which then lse® cells to yield antibodies (Bruyet al, 1992).
Admittedly, pneumococcal saccharide-protein coreigiavaccines can hold for only 11 serotypes and are
likely to be more expensive which is not desiraibledeveloping countries (Paton, 1998). Pneumococcal
proteins as carriers signify light of hope in novatcine research. Many of them are being currdatited
for potential vaccine candidates including PspAa&sCbpA, NanA, Ply and more. Both membrane and
cytoplasmic proteins were shown to be immunogenitng infection or previous colonisation (Zyskal,
2000). For example, defined Ply toxoids with mutasi abrogating its cytotoxicity are capable ofigtig
opsonic antibodies just as effectively as wt Plgfearing protection against chosen serotypes @, @F, 8,
18C) even though differences in the degree of ptiote exist among serotypes and also varies witrdite
of infection. A further consideration relating taocine development is the route of administratibihe
antigen. Most experiments done to date have comsidenly systemic immunity. Since colonization loé t
nasopharyngeal mucosa by pneumococci is a requiteimedevelopment of pneumococcal disease, it may
be that mucosal immunity is important in protectioom disease (Mitchelet al, 1997b). An attenuated
Salmonellsstrain capable of stably expressing a toxoided fofpneumolysin has been constructed and oral
immunization of mice with this organism elicits bdgG and IgA antibodies to pneumolysin (Pa&tral,
1993).
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Objectives of the work

. Literature retrieval focused on the importancgefietic variation in virulence

. Growth of pathogenic microorganisms

. Isolation and preparation of pneumococcal gDNBRPhaemolytic assays, Western blot
. Analysis of mutations by quantitative PCR

. Bioinformatics computing for bacterial genome lggs

The diploma work is focused on the significanc@méumolysin in contribution to virulence
of Streptococcus pneumonigerotype 1 isolates. Even strains from the sama&yg® may vary
greatly in invasiveness, a property bequeathed Hey High level of pneumococcal genetic
variability. The difference in virulence will be gtained by analysis of the genomes in combination
with gene expression studies anditro assays.

The second virulence factor of interest, hyalurasée] is known to contain a SNP within its
nucleotide sequence. The SNP genotyping methodwillsed to screen strains from a collection of
meningitis isolates on the way to discovery ofuetcontribution of hyaluronidase to pneumococcal
meningitis.

All in vivo work was performed by appropriately qualified persgd who are holders of Home
Office Personal Licences under Prof. Mitchell’'s jBod Licence. All animal procedures were perfornmed
accordance with the United Kingdom Home Office krdprate under the Animals (Scientific Procedures)
Act 1986. Ethical approval for these procedures grasted by the College of Medical, Veterinary &ifd
Sciences Ethical Review Committee at the Univemsitglasgow. All necessary procedures were perfdrme

under anaesthesia, and all efforts were made tonigi@ suffering.
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Materials & Methods

1. Materials

The ollection of strains used in experiments with Rydiepicted in Table 1. These strains were
selected on the basis of observation of anotharmr8trains used in the study of Hyl SNP are ligtethble
3 in section Results.

Streptococcus pneumoniags grown on blood agar plates (BAB). Preparatibapproximately 20
plates included 16g of blood agar base 2 in a povaten and 400ml of distilled water. The mixture sva
shaken and autoclaved. Once the bottle had coal#tiently to approximately 40°C, 20ml of sterile
defibrinated horse blood was added, mixed and postraight away. The area of pouring the platesiisho
be kept as sterile as possible by using Bunserebuivhen the plates were filled to three-quarieddental
bubbles were removed by flaming the surface ofather. BAB plates were kept on the bench for at [8@s
minutes to solidify properly. Plates were furtheed by placing them into an incubator upside daevithout
a lid for 1h.

Pneumococcal liquid cultures were grown in braéar infusion broth (BHI). Solid BHI powder
weighting 7.4g was added to 200ml of distilled wialdne mixture was shaken and autoclaved. Wheryread
to use an appropriate volume was distributed iteédle Falcon or bijou tubes and used immediately.

For gDNA extractions, stock solutions were predareM Tris ((3-aminopropyl)-amine) pH 8.0,
0.5M EDTA (ethylenediaminetetraacetic acid) pH 810)% SDS (sodium dodecyl sulphate), 10M
ammonium acetate, TE buffer (10mM Tris-Cl + 1mM ED¥F ddH,O), DTT (dithiothreitol). Double
distilled water (ddHO) was used thoroughly the preparations. SDS dmtérnggas the only solution that
could not be autoclaved. Lysis buffer (Tris + ED¥ADS + ddHO) was made up fresh before use.

For SDS-PAGE gel, pre-cast gels were udduPAGE® Bis-Tris Gels) and solutions: loading buffe
also called the Laemmli 2X buffer pH 6.8 (4% SD33% 2-mercaptoehtanol + 20% glycerol + 0.004%
bromophenol blue + 0.125 M Tris HCI) and runnindféu(Tris + glycine + SDS), de-stain buffer (metioa
+ acetic acid + distilled water).

For Western blot analysis: transfer buffer (25mNksTrase + 192mM glycine + 20% methanol +
distilled water) keep at 4°C, Tris NaCl (Tris basélaCl + distilled water + HCI to adjust pH 7.4%63nilk
(milk powder + Tris NaCl pH 7.4), developer (4-adel-napthol dissolved in methanol + Tris NaCl 30

must be made just before use.

GENOME SEQUENCE SEROTYPE SEQUENCE TYPE PLY TYPE
STRAINS

TIGR4 4 205 2

INV104B 1 227 2

P1041 1 217 1

OXC141 3 180 2
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INV200 14 9 2

03 2672 1 306 5
03_3038 1 306 5
06_1370 1 306 5
NCTC7465 1 615 2
ATCC700669 23F 81 1

TEST STRAINS SEROTYPE SEQUENCE TYPE PLY TYPE
ATCC6308 8 unknown 5

09 2408 4 unknown unknown
09 2458 4 unknown unknown
1AL 1 615 2

Table 1. Strains used for Ply experiments and additiorstldtrains

2. Microbiological techniques

First, a glycerol stock of working strains forghproject was prepared. A sterile bacteriologioabl
was used to streak o@treptococcus pneumoniagrain from a previously stored glycerol stock td¥ell
Group strain collection) onto a BAB plate. An optot disk was added in order to differentiate
Streptococcus pneumoni&®m othera-haemolytic Streptococcus species. Plates werdated overnight
at 37°C in candle jar to check the purity and idgnof the content. Candle jars allowed anaerobic
conditions. Simultaneously, all the volume (1ml)sweansferred into a glass bijou bottle with 5miB#l
and let grow statically overnight in 37°C water rbaf\fter overnight incubation, 1ml of that grown
pneumococcal culture was added into 19ml of BHFaicon tubes prepared already. Pneumococci were
grown until the culture reached optical densit¥odlsoonmequalled 0.4 — 0.6 measured by spectrophotometry.
The tubes were centrifuged for 20 minutes at maringpeed at 4°C and afterwards the supernatant was
discarded. Meanwhile, sterile glycerol was prepaed final concentration of 15% in BHI for a total
volume 10ml, and added to the pellet. Aliquots i Wvere taken and labelled cryovials were store@@tC
for at least 16h. After that, the purity controkbck was done as described above. Viable countifigctkria
was performed as follows: a 96-well round-bottonmdte was filled with 18@ of sterile phosphate
buffered saline (PBS) in adequate number of wéllsee cryovials were rapidly defrosted at 37°C wate
bath, gently vortexed for 5 seconds to separateb#tuteria and centrifuged for 3 minutes at 13000rpm
Supernatant was removed and pellet was resuspéndedl PBS. The last step was repeated in order to
wash the bacteria from residual glycerol and B¥ulZrom each cryovial was added to the top welllia t
96-well plate, mixed and transferred to the nexil wed so on down the plate taking a new tip eatie.t
That resulted in serial dilution of sample fromutiibn 10" (first well) to 10° (last well). Three 2@-drops of
every dilution were spotted onto previously mark@4B plates. After overnight incubation at 37°C in

candle jar, colonies of such dilution that gavens®n 10-50 colonies per spot were counted. The rfwgan
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that dilution was counted, multiplied by 50 to gihe count per ml, the result was multiplied byaiprocal
of a given dilution factor, and expressed asdoglue which gave us the colony-forming units per ml
(cfu/ml).

Intraperitoneal passage was a required step &ation of standard inoculums which were used for
in vivo studies. After long time of storage, a pneumoclsitain’s original viability and virulence may reee
to be restored. Knowing the exact counts of viddaleteria from glycerol stocks, adequate volumeite g
final concentration of 1x1@fu/ml necessary for challenge was calculated. Tas for 6h i.p. passage.
Steps included rapid thawing; 5 minutes spin atODgom, and removal of supernatant, PBS wash step,
gentle vortex, and addition of the volume to finahcentration with extra sterile PBS. Dose musthaeen
checked by 10 fold serial dilution before and aftdection to ensure that bacteria did not peristirdy the
procedure.

Blood from the mouse was placed into universaktobntaining 20ml BHI and incubated at 37°C
overnight. The blood cells were allowed to settld & - 2ml of the upper layer with multiplying bada was
transferred into BHI containing 20% fetal calf sargFCS) 50ml-Falcone tube. Triplicates were dore fo
each strain. Different strains grew at differenesaso the Ofo.mwas checked at short time intervals so the
culture was sampled in the logarithmic phase ofwmgno Standard inoculums were stored in labelled
cryovials at -80°C for at least 16h after which fhity, identity and counts could be checked.

When a new strain was isolated, for example, fsgrabs from the throat, a bead stock for addition
to the collection was prepared. The beads camtiilesEppendorf tubes from a manufacturer. As magh
possible of well-grown pneumococci were transfefrech BAB plates with a sterile plastic loop to thead
suspension. The contents of the loop were tramsfeiw the liquid in the vial and beads were mixgd b
shaking allowing bacterial transfer to the bead® fube was deprived of the liquid, labelled amdest at -
80°C.

3. Isolation and preparation of pneumococcal gDNA

Strains from the glycerol stock were grown in 5@#hl| at 37°C water bath. Once they reached the
exponential growth phase (@a.m= 0.4 — 0.6), the culture was centrifuged at 4000fpr 15 minutes at
4°C, supernatant was carefully removed withoutudihg the pellet, and resuspended in 1ml of fieshl
made up lysis buffer. Then the content was splittiéol two cryotubes and incubated at 37°C for 16ul2of
proteinase K was added into each tube and pubftG water bath for additional 3h. Nexl bf RNAse A
was added per each tube and put back into 37°Crveaté to incubate for 30 minutes. After this step,
cryotubes could be put in a freezer and the praeedvas stopped till following day. According to
phenol/chloroform classical extraction protocole ttvork was done in fume hood with double gloves,
Eppendorf tubes were never used while manipulatmgroform because its lid could let some liquid.ou
50Qul of phenol:chloroform:isoamyl alcohol solution fnathe bottom of a bottle was taken and pipettea int
each cryotube and inverted gently. A white suspensf proteins became visible. The tubes were gginn
down at 13000rpm for 3 to 6 minutes. As much of tipper phase as possible was taken up without

disturbing the lower phase, transferred to a nepedorf tube and previously splitted samples wereqd
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back together. 20 of 10M ammonium acetate was added perpl@® aqueous layer to precipitate DNA.
60Qul of absolute ethanol was added to the mixture gewtly inverted. Visible DNA precipitates were
transferred by a pipette to a fresh tube in ordestitain as big DNA fragments of better qualitypassible.
The rest of the mixture was centrifuged at 13000fpn30 minutes. Pellets were left to air dry omdie
They were resuspended in 100 to @06f TE buffer so they would dissolve. Higher temgiere and
occasional flicking the bottom of tubes would hdigsolving, so the tubes were placed into 37°Chator
for 2.5h. Thus prepared gDNA could be stored imidgé (4°C) for few days or in a freezer (-20°Cj &
long term.

Approximate amount and quality of isolated gDNA veagcked by agarose gel electrophoresis. 0.4g
of powdered agarose was dissolved by microwavingOml of 1x Tris-acetate-EDTA buffer (TAE)uBof
SYBR safe double-stranded DNA (dsDNA) dye was addedl was poured into a gel tank with combs,
covered by aluminum wrapping and left to solidify.the meantime, |8 of running samples was prepared:
2ul of loading buffer, 2l of PCR water (extra clean) andlf gDNA. Gel tank was filled with TAE buffer
as well. Samples were applied into holes; one wtigdr DNA size ladder. The gel was run at 100Y 20
minutes. Electrophoresis is based on separatingitivety charged nucleic acids in an electric field
according to their sizes; larger fragments migrsitaver. UviPro gel documentation system facilitates
visualization of the DNA bands by detecting fluaesce excited by UV radiation from bound SYBR dye.

When approaching gDNA isolation from many differesttains, an easier and faster method is
required. The Nexttéll — Kit and method is column based and it is basecetaining unwanted substances
such as proteins, detergents and low molecularhweigmpounds by the column resin. Briefly, membsane
inside the columns were rehydrated by Prep bulach bacterial strain was grown overnight on 2 BAB
plates from the beads stock, a loopful of bactesaa put into a fresh tube with Lysis buffer 1 camitag
lysozyme and RNAse A, gently vortexed and sealdéll Wesofilm. The tube was then incubated at 601C fo
20 minutes. Lysis buffer 2 containing EDTA, bufferpurified water, and DTT was added, sealed ageid,
incubated at the same temperature for 1h. Exa@yllof the lysate was transferred onto column, sealed
and incubated at room temperature for 3 minutestekile plate was placed underneath it. Plate was
centrifuged at 700rpm for 2 minutes. DNA passedugh the column during that step, eluated DNA could
be stored at -20°C.

Concentration of isolated gDNA is best measurethbietop spectrophotometer Nanodrop. Nucleic
acids absorb light at a wavelength of 260nm. Déstilwater or TE was used as a blanking solution.
Nanodrop measured the amount of light that padsedigh a sample and inferred the amount of ligat th
was absorbed by it. QR = 1 correlated to a DNA concentration of 5Qigéo DNA concentration was
easily calculated from OD measurements using osyl bf a sample.

However, concentration of Nexttetisolated gDNA could not be measured on Nanodropumse
some substances from the buffers remained in DNate) they would cause a higher UV absorption at 26
and 280nm and it would lead to an overestimatioDNA concentration. Qubit® fluorometer, on the athe
hand, quantifies DNA by means of fluorescent dyest specifically bind only to target molecules and
thereby emit corresponding signals. This methdugkly sensitive and more accurate than UV absarban
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Quant-iT™ Assay Kit provides buffers with fluoroples, DNA BR buffer was used as a blank, samples

were prepared and vortexed, and a correspondirgggrone was set up according to used dilution.

4. PCR

The PCR method was used to confirm the presengetaidt Ply and Hyl genes in the strains. It is
also a good control of quality of isolated gDNA. Byeans of PCR, the lowest concentration of DNA
suitable to use for the amplification was posstbldetermine, which 1nglis. PCR products were obtained
by using the following primer set:Ply27R (5'CTTGGCTACGATATTGGC3") and Ply27S
(5" TACTTAGTCCAACCACGG3"). PCR conditions for Ply me were: 3 minutes incubation at 94°C to
completely denature the template, followed by 36ley of 45 seconds of melting at 94°C, 30 secoffids o
annealing at 55°C, and 1.5 minute of extending2aC7 Reaction mixture was further incubated addélo
10 minutes at 72°C and then maintained at 4°C, kEmmpere stored at -20°C. Hyl primers were used to
amplify internal fragment of the gene; Hyl861ForG&ICCTATATCGACCACACCA) and Hyl861Rev
(CCTAAAAAGGCGATCTTATC). Programme settings for Hgene were: 35 cycles, 3 minutes incubation
at 94°C, 45 seconds of melting at 94°, 30 secohdsmealing at 52°, 1 minute of extension at 72%aion
mixture was also incubated additional 10 minuteg28C and maintained at 4°C, samples were handked t

same way.

5. Quantitative haemolytic assay of pneumococcaldgtes

Ply lyses any cells with cholesterol in the membraRBCs are easy to measure as haemoglobin
release is visual and quantifiable by haemolytgagsFor this purpose, standard inoculums were. (3pd
tube was quickly defrosted at 37°C water bath agwtrifuged for 3 minutes at 13000rpm. Removal of
supernatant was followed by addition of 1ml of PB8lume was transferred into 19ml of BHI containing
Flacon tube. Culture was grown till it reached o@D, and then it was spinned down 20 minutes at
maximum speed at 4°C, deprived of supernatant agairfrozen. The purity check of the culture wasedo
The culture was kept on ice during procedure togmeprotein degradation. For the same reasonegset
inhibitor was added to 1ml of PBS which was thadeatito the frozen bacterial pellet. Since Ply isebed
to be located in the cytoplasm, the cell walls niestlisrupted. This was achieved by sonicationicatinn
was carried out in the sonicator machine set agugrtb desired outcome; 30 seconds of sonicating at
amplitude of 10microns, 1 minute off, and thisepeated five times. Tube was kept on ice. Sonicatias
complete when the suspension went clear. Ten nsrafteentrifugation at 13000rpm followed. Supernata
was collected. Pellet was frozen for further uditian. Measurement was done with the neat supernglias
1:50 dilution. Negative control with PBS and paagticontrol with purified Ply were indispensable.eBv
well of round-bottomed 96-well plate was filled WwiBQul of sterile PBS. 50 of each solution (purified Ply,
pneumococcal cell lysate neat, diluted, sterile PB&s added into the first column in duplicatesllgV
were mixed by pipetting and plDwas removed from column 1 and placed to colunwhizh double-dilute

the content. Tips were changed after each trarsfigt.from the last column was discarded. Nextul56f
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DTT was added into each well in order to make Pbnamer. Plate was covered with lid and put intoC37°
dry incubator for 15 — 30 minutes. Meanwhile, thgleocytes were prepared. 1ml of fresh sheep bloasl
centrifuged for 1 minute at 13000rpm. Supernatea vemoved and cells were washed in the same volume
of PBS. Wash step needed to be repeated untiutherisatant was completely clear. Erythrocytes wessl

to prepare 2% solution in PBS just prior to reactibe blood solution was kept on ice until thebul®f 2%
erythrocyte solution was added to each well, calénelid and incubated for 30 minutes at 37°C. Aiddal

50ul of PBS was added everywhere and the plate wasifoged at 1000rpm for 1 minute. 1L@Oof
supernatant from each well was carefully transterieto a fresh flat-bottomed 96-well plate.
Spectrophotometer at 540nm was used to read levetmemoglobin released from the erythrocytes by
action of Ply. Programme Optima created an exdelffom which Ply specific activity was calculated,
which is defined as the dilution factor at which%sthaemolysis is detected, and expressed in HU/mg.
Qubit® fluorometer was used to measure protein eotmation in our samples in order to exclude the

possibility that if a strain was not haemolyticwias not because of absence of the protein.

6. Quantitative RT-PCR

Since screening up to 156 strains was plannedeadsof generating gDNA by time-consuming
phenol/chloroform extraction method, a simpler amate rapid extraction method with high throughput o
clinical isolates, the Nextté¢, was optimized. RT-PCR was used to screen Polishingitis isolates
looking for a SNP within Hyl nucleotide sequencattbauses its inactivation. Two reactions were faun
each strain because two different primers were ;udétilFR1 for amplification of the wt sequence, and
HI41FR2 for the mutated gene. {iBof master mix containing only one or the othemar, distilled
autoclaved water, and supplied mixture with fluosree dyes was pipetted to the bottom of each itube
duplicates. il of a sample was added into two labelled wellse Programme Opticon Monitor 3.0vas
initiated which controls the PCR programme andemtdi data for subsequent analysis. A standardised
protocol using 40 cycles at was used. The sertgitdfithis approach allows discrimination betweé&migs
that possess the SNP within Hyl gene or not by @ing Ct values: a lower Ct value occurs for trectien

with primer that matches the sequence better theother primer.

7. SDS-PAGE gel &Western blot

Western blot is an analytical method used to detdetrget protein in a sample made of mixture of
proteins by means of a polyclonal or monoclonaibaaly specific to that protein. It also allows istigators
to determine the molecular weight of a protein.

SDS-PAGE gel separates proteins according to Hies; SDS makes them all negatively charged
while polyacrylamide provides heterogeneous enwiremt through which smaller proteins travel faster.
Bands of proteins were visualized by staining thevwgth Coomassie Blue dye at room temperature2or
minutes on shaker. The gel was decoloured usingtaie-buffer for 20 to 50 minutes and placed into

scanner. Coupled with Western blotting, it was usedetermine the presence or absence of a giveaipr
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A reason to do Western blot analysis was to seaghg&hd’ly gene was translated or not. Samples
were obtained by previously described procedursoafcation. Samples were prepared as followsu6D
PBS was added into each tube with pellet from wiii2ltul was taken out and mixed with @%f loading
buffer and 2.5l of DTT. 72.5ul of supernatant was mixed with j@#5of loading buffer and 248 of DTT as
well. 12.511 of 1kb ladder was mixed with 400of loading buffer and 187% of distilled water. Ladder can
be stored at -20°C for a while. It provides a corigmm of molecular weights for the bands of pradeifihe
samples were boiled at 90°C for 5 minutes, thecps#-gel was put into tank and filled with runnimgffer
and checked for leaks. Then the combs were rem@&egdf a marker was added (SeeBlue®) tqul16f
each sample,ul of ladder, loaded it all into the gel and eleptroresis was run at 150V for 1h. Meanwhile,
the pads, filter paper and nitrocellulose membraree soaked in transfer buffer and arranged interyi
order of layers from the bottom: 3 pads, filter @aduture gel, filter paper, and 2 pads on the fapy
bubbles should be removed at that point. Once B®-BAGE gel was finished, gel cast was opened laad t
gel was carefully transferred, 1d0f antioxidant was added and it was run in tran&fuffer in a new tank
at 30V for 1h. Water was poured outside the tarketep it cool. Then the membrane was put into talslai
container with 3% milk and blocked overnight inrigde. The following day, the membrane was placedl i
a special foil, 1pl of primary anti-Ply rabbit antibody was added3tal of 3% milk, milk was poured in the
foil and put on shaker at 37°C for 2h. The membnamas washed three times with Tris NaCl pH 7.4 on
shaker at room temperature for 5 minutes each tgain, the membrane was transferred to 3ml of 3% m
containing @l of second anti-rabbit antibody, sealed and shato&7°C for 1h. Washing step was repeated
three times, and then the membrane was placeddeneloping buffer in the dark. Once bands started
becoming visible, the reaction was stopped withewalhe second antibody, if bound to existing prima
antibody that attached to Ply and was not washe] caused that the product could be seen and
photographed. In order to increase sensitivity detdct even low level of translated protein, ELCvkas
used in following Western blots. Antibodies agaiRsA confirmed the integrity and correctness ¢ th

procedure as well as the quality of the samples.

8. In vivo experiment

All the in vivo work animal work was performed by professional perel. Six MF1 mice were
infected by three selected strains in order toiobtiae whole blood samples. Each mouse was infected
intraperitoneally with a dose of 2@0containing 2x18 cfu. After 18h, the cardiac blood was pooled into
sterile heparinised tube and kept on iceul 2f it was directly used to count the bacteriact®aa were
harvested by 2-step centrifugation: first spin \wagformed at 820g at 4°C for 5 minutes, supernatest
transferred into a fresh tube and pellet was kepffdrther application. This supernatant was thgaira
spinned at the same conditions, transferred iritesh tube and pellet was kept. The last spin wa$ 8009
speed at the same conditions and supernatant ieshdd from pellet. The second pellet was subjeitted

sonication, SDS page and Western blot analysis.
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9. Bioinformatics

Comparative sequence analysis was performed inr dod@btain an insight into pneumococcal
genetic variation. All the pneumococcal genome sages submitted to the Sanger had been selected,
prepared for sequencing, and submitted by Profchdit's laboratory. Therefore the genomic inforroati
could be directly correlated with the biologicakigity of each strain. The latest versions of thengme
assemblies were downloaded from Sanger websitel¢dve¢ Trust Sanger Institute, 2009). Once the
sequences were downloaded, it was possible to aempknown sequences with those already published i
the databases on the internet and identify thenedbgulating the sequence similarity. For this psso
programme Blast can be used (Blast Assembled R&E8egmes, 2009). Blast is an acronym for basid loca
alignment search tool. It is a software packagel dise searching chosen databases with an inputygiéer
website developed exclusively f&treptococcus pneumoni@@informatics is called SybilStreptococcus
pneumoniaeComparative System, 2009). This has been develbgedrof. Tettelin and his group and is
hosted by the University of Maryland, (USA). Sykitas used to do genome search and comparative
genomics. Artemis was used to view if the gendatefest were present, and Act (Artemis comparisol)
to compare sequences with the reference sequed&B# strain using crunch files generated from Bleu
Act, a programme to produce the input comparisienfir comparing genomes within the Act provided by
the Sanger Centre (Wellcome Trust Sanger Insti2@89). These sequences and information could liken
viewed within the programme CLC Genomics Workbewversion 3.6.5 (CLC Bio, Aarhus, Denmark). Once
the particular sequences were downloaded, Clustal®vgeneral purpose multiple sequence alignment
programme for DNA or proteins was used to compaeatify pneumolysin alleles in our strains (Eurapea

Bioinformatics Institute, 2009).
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Results

1. Pneumolysin gene is present in all the strains

PCR confirmed presence and intactness of Ply ithalktrains. Picture 2 shows amplified fragment
of Ply gene of a representative sample of therstrdihe genome sequenced strains are of diffeeeotypes
and STs, but with mainly serotype 1 as shown ineldb From previous work it is known that strairfs o

serotype 1 ST 306 possess SNPs within the Ply gfeeting its haemolytic activity.
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Picture 2. PCR amplification of Ply gene fragment

2. Pneumolysin genetic variability & haemolytic adwity

Since one of the main functions of Ply is cell ysjuantitative haemolytic assays were performed in
order to measure the lytic ability. Furthermoregtpin concentration was measured in all the sanipked
for haemolysis. It is shown in Graphs 1 — 12 beltbat serotype 1 ST 306 strains, two serotype BB
strains and one strain of serotype 8 of unknowrai®Tall nonhaemolytic.
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Graph 1. Haemolytic assay, protein concentrations and fpexitivities
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INV104B ser 1 ST 227
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Graph 2. Haemolytic assay, protein concentrations and fpexitivities
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Graph 3. Haemolytic assay, protein concentrations and speautivities
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Graph 4. Haemolytic assay, protein concentrations and sipeutivities
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Graph 5. Haemolytic assay, protein concentrations and speautivities
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03 2672 ser 1 ST 306
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Graph 6. Haemolytic assay, protein concentrations and sipeitivities
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Graph 7. Haemolytic assay, protein concentrations and speativities
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Graph 8. Haemolytic assay, protein concentrations and sipeaitivities
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Graph 9. Haemolytic assay, protein concentrations and speautivities
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Graph 10. Haemolytic assay, protein concentrations and sipeaxtivities
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Graph 11. Haemolytic assay, protein concentrations and spetivities
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ATCC 6308 ser 8 ST unknown
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Graph 12. Haemolytic assay, protein concentrations and sipeativities

Note: Data used for the graphs are the averagéspiitates.

The reason for the loss of activity lies within teequence for Ply. To investigate this, CLC Gensmic
Workbench programme was used. SNPs can be indehtiff comparing at least two genomic regions so
that the polymorphism is apparent. Alignments with reference strain TIGR4 sequence for Ply redeale
several SNPs that seem to be important and peehaybstionary beneficial to the pneumococcus. P&eir
depicts a section taken from an alignment of Plglentide sequences of TIGR4 and P1041. It is ampla

of an alignment of two completely same sequencesure 4 shows some variation at nucleotide seqenc
level which does not result in amino acid chang8)(A/ariation at nucleotide level means that INV lies

a Ply allele different from Ply allele of TIGR4. iWever, when describing proteins, only amino acidnges
are relevant. ClustalW2 programme was used to rassigibers to Ply of the strains (see Ply typesaiold
1). Few particular SNPs that are marked in Pictbreand summarized in Table 2 have been
identified

2 40 ED

| | |
Facatpart of Pl [T 6o RIS TIREE GG TRAA T G EET T TETEETECETET o T 7R o T EEARE c AR TET T c AN
& L N D K K K L L T

Translation +1 M A M K D F | L A M N Y
TiGRapat_of_pry_ [N . - NI . I . MY . BN . NN BN - O T N
Translation +1 M A M K A W N [»] F | L A M N Y D K K K L L T

Consensus ATGGCARAATAARAGCAGTAAATGACTTTATACTAGCTATGAATTACGATAAAAAGAAACTCTTGACCGA

Consenation

Picture 3.P1041 - TIGR4 Ply alignment — identical sequences
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Consensation

Picture 4.INV104B - TIGR4
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Ply alignment — a variation (bladk)nucleotides without change in AA
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TIGR4_ply nucleotide_seq
Translation +1

033038contigl0058_ply_nucleotide_seq
Translation +1

Consensus

Conservation
TIGR4_ply_nucleotide_seq
Translation +1

033038contig00058_ply _nucleotide_seq
Translation +1

Consensus
Conservalion

TIGR4_ply_nucleotide_seq
Translation +1

033038contigl0058_ply_nucleatide_seq
Translation +1

Consensus
Conservation

TIGR4_ply_nuclectide_seq
Translation +1

033038contigl0058_ply_nucleolide_seq
Translation +1

Consensus
Conservalion

TIGR4 ply nucleotide seq
Translation +1

033038contigl0058_ply_nucleotide_seq
Translation +1

Consensus

Conservation

TIGR4 ply nucleolide seq
Translation +1

033038contig00058_ply_nucleotide_seq
Translation +1

Consensus

Conservation
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Picture 5.03_3038 - TIGR4 Ply alignment — important SNPsdk)a

SNP NUCLEOTIDE IN| NUCLEOTIDE IN| AMINO ACID | AMINO ACID
POSITION TIGR4 PLY5 POSITION CHANGE

448 T C 150 Ty~ His

515 C T 172 Thr lle

671-2 AA GG 224 Lys— Arg

793 G T 265 Ala— Ser

810-15 CAAGGT Deletion 270, 271 Lys, Val missing
1138 A G 379 Asn- Asp

Table 2.SNPs and consequent changes in amino acids




These SNPs have been found in all strains of geeotyST 306 and one strain of serotype 8 ST unknown
Change from Thr— lle probably affects insertion of domain 3 intoshaell membranes and therefore is
responsible for the loss of Ply pore-forming fuanti while other SNPs contribute to overall decrease
haemolytic activity. SNPs are located in N-termieald of the protein, a part that participates imepo
oligomerization. The mutation localized at positith0 is unique to Ply type 5 and it is conserveargn

cholesterol-dependent cytolysins.

3. Pneumolysin protein might be missing in virulenstrain

There are two more strains that showed no signdiagimolytic activity in the experiments;
NCTC7465 and 1AL, both of serotype 1 ST 615. NCT&/# not haemolytic at all even though its Ply
gene is exactly the same as TIGR4 Ply gene whaghipr is fully haemolytic. Sequence of 1AL Ply gése
not available. One possible explanation would ket ®ly gene from NCTC7465 is not translated into
protein, at least not under laboratory conditiafestern blot analysis was performed in order tdioonor

deny this hypothesis (Picture 6).

Ply — _, e s e

Picture 6. Western blot for Ply. From the left: ladder, TIGRH (pellet), TIGR4 Ply (supernatant), ST 306
Ply (pellet), ST 306 Ply (supernatant), NCTC746% Ppellet) 1, NCTC7465 Ply (supernatant) 1,
NCTC7465 Ply (pellet) 2, NCTC7465 Ply (supernat@nipdder

According to Western blot, ST 306 strain does fetasts Ply gene into protein, which is presertbath cell
pellet and supernatant; however, NCTC7465 doedranslate it or at very low level. In the next stépe
quality of the samples was checked by introducimiipadies against PsaA protein (data not shown)thed

sensitivity of this method was increased by usir@ Ekit so it would be possible to detect Ply if its
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expression was reduced. Strain 1AL was includedadmsz it is also ST 615 like NCTC7465 and
nonhaemolytic (Picture 7).

Picture 7. Western blot for Ply - ECL kit. From the left: lagld TIGR4 Ply (pellet), TIGR4 Ply
(supernatant), 03_3038 Ply (pellet), 03_3038 Plypésnatant), NCTC7465 Ply (pellet) 1, NCTC7465 Ply
(supernatant) 1, NCTC7465 Ply (pellet) 2, NCTC748% (supernatant) 2, 1AL Ply (pellet), 1AL Ply
(supernatant)

Picture 7 shows that ST 615 strains do not exgegss=rom ann vivo experiment carried out by Dr. A.M.
Mitchell (Mitchell et al., in preparation), NCTC78&urprisingly retains full virulence even though Ply
does not seem to be expressed. For that reasowhtile blood experiment was introduced in ordeggbas
close as possible tm vivo conditions. When bacteremia was reached at 18htpda whole blood was
collected, double-spinned down and analysed. SOfe peas done in order to check if there were any
proteins in the samples at all and therefore it waith carrying on with Western blotting (Pictu&and 9).

& ‘-"‘."":'H - "
- & ik —

Picture 8. SDS page: protein-content from the whole blood dasag-rom the left: ladder, NCTC7465
mouse 1, NCTC7465 mouse 2, 03_3038 mouse 1, 03 r86@8e 2, INV104B mouse 1, INV104B mouse 2
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Picture 9. Western blot for Ply - ECL kit. The whole blood exjpnent. From the left: ladder, NCTC7465
Ply (mouse 1), NCTC7465 Ply (mouse 2), 03_3038(Riguse 1), 03_3038 Ply (mouse 2), INV104B Ply
(mouse 1), INV104B Ply (mouse 2)

Even though the Picture 9 is not very clear, passible to see Ply bands from ST 615 strain, whieAns

that it does express Ply undervivo conditions but no longer after it is grownvitro.
4. Hyaluronidase SNP genotyping

PCR confirmed presence and intactness of Hyl geradl ithe strains used in this work. Picture 10

depicts amplified fragment of Hyl gene of a repreative sample of the strains.
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Picture 10.PCR amplification of Hyl gene fragment

Strain OXC141 (Oxford carriage isolate) carriesnawn SNP within its gene for Hyl which introduces a
stop codon in Hyl mRNA and thereby abrogates ifg@ssion. OXC141 strain served as a control foramut
strains and TIGR4 strain was used as a controlvflol type strains. Picture 11 shows the outcom&of
PCR analysis for control strains and the resultsafostrains tested are shown in Table 3. Thiseexpent
ought to determine if there is any association betwmeningitis and Hyl activity.
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Picture 11. RT-PCR control strains. Left: primer 1 (red curveatches the TIGR4 Hyl gene wt sequence
better than primer 2 (green curve). Right: primgig&en curve) matches the OXC141 Hyl gene mutated

sequence better than primer 1 (red curve)

REFERENCE & SCOTTISH STRAINS HYL GENE
TIGR4 Wwild type
INV104B Wwild type
P1041 wild type
OXC141 Mutant
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INV200 Wwild type
03_2672 Wild type
03_3038 Wild type
06_1370 Wild type
NCTC7465 Wwild type
ATCC700669 Wwild type
09 2458 Wwild type
GSK3/43 Wwild type
99 4038 Mutant
99 4039 Mutant
POLISH MENINGITIS STRAINS HYL GENE
WAO0001 Mutant
WA0002 wild type
WAO0003 Wild type
WA0004 wild type
WAOQ005 Wwild type
WAOQ006 Wwild type
WAOQ007 Wwild type
WAO0008 Wild type
WAO0009 Mutant
WAO0010 wild type
WAOQ0011 Mutant
WAOQ0012 Wwild type
WAO0013 Wwild type
WAO0014 Wwild type
WAOQ015 Wwild type
WA0016 wild type
WA0017 wild type
WA0019 wild type
WAO0020 Wwild type
WAO0021 Wwild type
WAQ0022 Wwild type
WAO0023 Wwild type
WA0024 wild type
WA0025 wild type
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WAO0027 Mutant

WA0028 wild type
WAO0030 Wild type
WA0031 wild type
WAOQ0032 Wwild type
WAOQ033 Wwild type
WAO0034 Wwild type
WAOQ035 Wwild type
WAO0036 wild type
WA0037 wild type
WAO0038 Wild type
WAOQ0039 Wwild type
WAQ0042 Wwild type
WAOQ0046 Wwild type
WAOQ0047 Wwild type
WA0048 wild type
WAO0051 wild type
WAO0052 wild type
WAOQ053 Wwild type
WAO0054 Wwild type
WAOQ055 wild type
WAOQ056 Wwild type
WA0057 wild type
WAO0058 Wild type
WAO0059 Wild type
WAO0060 Wild type
WAOQ0061 Wwild type
WAOQ0062 Wwild type
WAOQ0063 Wwild type
WA0064 wild type
WAO0065 Wild type
WAOQO067 Mutant

WAO0068 Wild type
WAO0070 Wwild type
WAOQ0071 Wwild type
WAOQ0072 Wwild type
WAOO075 Mutant
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WAOQ076 Wwild type
WA0077 wild type
WAO0078 wild type
WA0079 wild type
WAO0080 Mutant

WAOQ081 Wwild type
WAOQ0082 Wwild type
WAOQ083 Wwild type
WA0084 wild type
WAO0085 Wild type
WAO086 Mutant

WAOQ087 Wild type
WAOQ089 Wild type
WAO0090 Wild type
WAO0091 Wild type
WA0092 Wild type
WA0093 Wild type
WAO0094 Mutant

WAOQ0095 Wild type
WAOQ0096 Wild type
WAOQ0097 Wild type
WAOQ0098 Wild type
WA0099 Wild type
WAO0100 Wild type
WA0101 Wild type
WA0103 Wild type
WAO0104 Wild type
WAOQ105 Wild type
WAOQ106 Wild type
WA0107 Wild type
WA0109 Wild type
WAO0110 Wild type
WAO0112 Wild type
WAO0113 Wild type
WAOQ115 Wild type
WAOQ116 Wild type
WAO0117 Wild type
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WAO0118 Wild type
WAO0120 Wild type
WAO0121 Mutant

WAO0124 Wild type
WAOQ0128 Wild type
WAOQ0129 Wild type
WAO0130 Wild type

Table 3. Strains tested for Hyl SNP and their genotypes ifwit)

Out of 119 strains screened, 10 mutants were famdng Polish meningitis isolates and 3 mutants in
Scottish collection. Almost all mutant strains afeserotype 3 ST 180 or the same clonal group, dnly
mutant strain is of serotype 19F ST 423 suggeshagthese strains with this particular genetickigaaund
might have come up with something to compensatateditHyl. This experiment is a constituent para of

complex study on allelic variation in virulence gerby SNP genotyping in a meningitis strain coiltecof

Streptococcus pneumoni@ditchell et al.,, in preparation).
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Discussion

1. Pneumolysin is present in all the strains

A great part of virulence is attributed to Ply. tvilly all pneumococcal clinical isolates produdg P
PCR confirmed Ply gene presence in all the stragesl in this work. There appears to be some diftere
in its activities among different strains, butdtgenerally highly conserved. This statement igpsttpd by
finding that pneumolysins from two strains isolatgditerally opposite ends of the world at diffierdéimes
differ at only one amino acid and that is / methien(lle;ss) (Met;s3), respectively (Mitchelet al, 1990).

Streptococcus pneumonidg known to be highly genetically variable everthivi serotypes. This
work is partly focused on newly emerging invasiselates. It appears that serotype 1 is on risaunofean
countries, but it is less frequently isolated frdinchildren in the USA, Finland, Canada or Ausial
(Hausdorffel al., 2000). Little is known about contribution of nedlly occurring mutations in single genes
to virulence.

Animal experiments done with strains representimgage A (INV104B, 03_3038), lineage B
(P1041), and lineage C (NCTC7465) revealed thairstrfrom lineage A are avirulent whereas thosenfro
lineages B and C are highly virulent (Mitchell &t &n preparation). Genome sequencing of theseceli
isolates has been performed to assess the genst&cfbr this difference. Analysis of the genomguseices
in combination with gene expression studies enditro assays has revealed possible causes for the large

difference in virulence of these strains.

2. Pneumolysin genetic variability & haemolytic aawity

The analysis confirms that a combination of specBNPs located in Ply domains abolishes its
binding, oligomerization and eventually lysis ofytarocytes, a finding in accordance with Jefferéasl
Kirkham studies (Jefferiest al, 2007), (Kirkhamet al, 2006). One of the most successful invasive done
of serotype 1 ST 306 express a nonhaemolytic Plyirdence factor so far considered necessary for
virulence. It seems that the presence of nonhad¢imoBly correlates with specific serotypes and STs
suggesting a mechanism to maintain this alterndlyan the pneumococcal genome itself as if it lddee
somehow evolutionary beneficial to have nonhaenRty.

Serotype 1 ST 306 strains affected by haemolysisedsing SNPs are often associated with
outbreaks. It is the presence of particular SNRBimvgene for Ply in serotype 1 ST 306 strains #kadlish
Ply haemolytic activity. ST 306 strain with nonhasytic Ply is less virulent than ST 217 strain with Ply.
These results points towards an assumption thatbenayonhaemolytic but still present Ply renders
pneumococci an advantage insomuch as the bacter@pable of multiplying without killing its hosthich
is desirable. In this context, Ply deficiency appeaore like an adaptation rather than a weaknésst
raises the question whether Ply really is a viroéefactor and to what extend it is needed to c#eBe
Other studies imply that nonhaemolytic Ply straimight be little disadvantaged in terms of virulence
intensities, their haemolytic counterparts will teetproliferate early in the blood (Harvey al, 2011). A

related haemolysin froristeria monocytogenasay not be a factor of virulence sensu strictoAlthough
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loss of haemolytic activity is accompanied by logsirulence in experimental models, a direct prbipoal
relationship between this activity and virulenceswet observed. Not even an experimentally induced
hyperhaemolytic haemolysin altered the originaklesf virulence of parental strain. More proteinang
greater haemolysis but not a greater virulencéeEithe lysis of the erythrocytes is not itself Key factor

in virulence or a saturation of the receptors faermolysin (cholesterol in membranes in case of Rly)
brought about by low amounts of haemolysin. Furtteee, we do not know ifn vitro production of

haemolysin reflects the protein-generatiowivo (Kathariouet al, 1988).

3. Pneumolysin protein might be missing in a virulet strain

A great difference in virulence between ST 306 &fd515 strains was observed. ST 306 strain does
express Ply which is nonhaemolytic while ST 615spgses wild type Ply and it was expected to be
haemolytic but it was not. Western blot shown tihat reason for this is that ST 615 strain Ply gieneot
translated into protein after this strain is grawnitro. ST 306 strain is able to cause bacteremia thatspers
at the same level without being eliminated or kglithe animals, whereas ST 615 managed to kithall
animals within 30h p.i. (Mitchell et al., in prep#ion). The results show that ST 615 may expregsily/in
vivo but notin vitro. There might be a regulatory mutation in this steagenome switching Ply expression
on and off according to environment. If Ply is a&pmococcal weapon against the host’s immunity when
reaches the bloodstream, having it expressed desplehich resembling colonization conditions mayabe
luxury. There is growing evidence that pneumocaecovered fromn vivo conditions are more virulent
than those grown undéanm vitro conditions. This is consistent with results of RBemolytic activities; Ply
released fromn vivo-grown bacteria is more haemolytic than Ply reldaem in vitro-grown bacteria
taking into account the same protein concentratiblasvever, this is true only for Ply that has beeleased
from the cells and collected form the supernateyipplasmic Ply obtained by sonication shows thaesa

values of haemolytic activity (Kadiogktal., 2004).

4. Hyaluronidase SNP genotyping

Virtually all strains ofS. pneumoniaproduce Hyl. PCR confirmed Hyl gene presence insthains.
Hyl contributes to pathogenesis by degradation ofhnective tissues thereby probably facilitating
colonisation, and translocation between single @npents, i.e. from lungs to the vascular systethtan
the brain via bloodstream (Patenal., 1997). Destruction of the normal connectiveusstructure by Hyl
may cause exposure to bacterial toxins and faeitgpneumococcal invasion of the bloodstream after
colonisation of the upper respiratory tract (Poletsal, 1998).

Out of all samples screened for SNP within Hyl gemgproximately 8% possessed mutated Hyl
gene. If Hyl really is important for the pneumocesdo be able to cause meningitis, we would nat &iny
or very few mutants carrying this SNP within Hyldstyukovaet al, 1995). This investigation of Hyl's
importance needs continuation of screening anatkerof strains for Hyl SNP, this time non-menirgiti

isolates. Then statistics would be introduced tress the question.
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5. The purpose of virulence factors

But what if a pathogen only wants to survive and toodestroy its host? Wouldn't it be more
beneficial for it just to co-exist and thrive insidts host? Orihuelat al speculate whether the majority of
virulence factors contribute positively to nasopingeal colonisation rather than to developmenteésive
disease because the pneumococcus has neither igaiasniactors nor environmental niche and progoess
to severe disease doesn't contribute to spreacdakba to other hosts (Orihueda al, 2004b). Successful
infection is characterized by colonisation, multiption, and transmission to a new host, deathdisaal-end
route for the pathogen therefore pathogenicitydigcshould be selected against according to ldaeh The
difficulty reaching the alveolus directly from tinasopharynx without binding anywhere in betweenthed
need for a different set of surface proteins foheadnce between nasopharynx and lung may partially
explain why the incidence of pneumonia is so infiexf compared to the rate of carriage. Such avelat
low incidence of pneumococcal disease comparedstoarriage is another evidence of its adaptation t
humans (Malleyet al, 2003). If we assume th&. pneumoniadave adapted primarily to colonize the
human nasopharynx, with invasive infection repréegri‘failed colonization" and a biological "deadek"
has Ply remained so highly conserved among pneurnbdmecause it has critical functions during
colonization? Next questions that should be addressre based on Ply’'s presumed importance in
pneumococcal infection: why is Ply not actively re¢ed? Is Ply released only during pneumococcal
autolysis, and if so, does this represent "badtatieuism,” with some bacteria sacrificed to rakedactors
necessary for the propagation of the whole badtpapulation? Is Ply production regulated, andoif what
environmental factors stimulate its synthesis? ¢mae factors may be initially there for colonisatiand
carriage, but they act as virulence factors oneerthasion begins (Hawt al, 2003).

It is a well-known phenomenon that every time &pgén encounters a new species, the meeting is
thunderous. The burst of SARS (Severe Acute Raspyr&yndrome) in 2002 may serve as an example of
such an interaction. Until that moment, the coramesvwas adapted to its natural host, pets, but thaew
recombinant virus arose from a genetic shift antcsed SARS in humans with quite high mortality (9)5%
(Rajani et Ciampor, 2006). Evolution drives organisms to adaptbest as they caiycobacterium
tuberculosigs, in contrast t&treptococcus pneumonjaexually isolated, has a clonal lifestyle but &ia
very successful pathogen of humans for centuriegest mean that this very pathogen managed torevol
into "perfect" pathogen which no longer needs t@ngje itself in order to survive and thrive?

Virulence factors fronSalmonella entericaubspecies 1 serovar Typhimurium are expressed in
bistable fashion, which means that two differenératypes are expressed by isogenic organisms liging
the same environment (Sturet al, 2011). Such a regulation could come handy whepression of
virulence factors is costly or imposes some kindestriction but it is still needed since thesedralence
factors. It would be interesting to perform a singkll analyses to find out whether any virulenaetdrs
from Streptococcus pneumoniaadergo the same regulation in order to incressitmess. In the long run,
the pneumococcus has met the human race quitetlsegens trying to get along with its new hostdn

maybe one day it will fully become our commensal.
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Summary

. Literature retrieval revealed th&treptococcus pneumoniesea highly variable microorganism prone
to variation. Opportunity to acquire new genes anudations advantageous in given conditions incietss

bacteria fitness and chances to survive.

. One of its most important virulence factors, pmelysin, seems to be restricted in some of the
newly emerging virulent pneumococcal clones oeast very strictly regulated. A fact, that SNPsliahog
haemolytic activity are maintained by invasive @enpoints out that perhaps evolutionary forceedrithe

pneumococcus towards adaption to its host in adggeessive way.

. Quantitative PCR analysis is a useful tool foredéng even slight differences in genes; SNPs. The
results suggest that hyaluronidase relates to dpweint of pneumococcal meningitis, however, some
pneumococcal clones may be capable of hyaluronidabstitution if it is missing and cause the diseas

without it.

. Combination of bioinformatics and laboratory wagrovides an opportunity to look into bacterial
genomes while studying its behaviouritnvitro andin vivo assays. In other words, this means we can see
direct effect of genotype on phenotype. Pneumododcalence is a complex mechanism resulting from
combination of many factors such as serotype, semué/pe, presence of mutations, host responses, an

other external effects.
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