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Abstract

Pathogenic bacteria have multiple virulence factors that act in concert to cause damaging
effects in the host body. In this work few of the virulence factors interactions between
pathogenic bacteria and human epithelial cells have been studied. Therefore, tissue
adherence and invasion as well as haemagglutinating abilities of 50 strains of
Streptococcus pneumoniae, 25 Shigella spp. and 25 Salmonella spp. isolated from patients

were studied.

The tissue adherence ability of these bacterial isolates was detected using cultured human
epithelial cells (HEp-2 cells). In addition to the tissue adherence assay agglutination
ability of the bacteria against six erythrocyte types was tested to find out if the same
factors are involved in haemagglutination and adhesion to HEp-2 cells, The results of
these tests showed that haemagglutination and tissue adherence abilities of the pathogenic
bacteria are different. All Salmonella and Shigella isolates except one had adherence
ability to HEp-2 cells. Unlike their adherence ability to HEp-2 cells, the
haemagglutination result showed that only 13 strains of the Salmonella spp. and 17 strains
of the Shighella spp. are haemagglutinating. Similarly, 43 (86%) of Streptococcus
preumoniae were able to adhere to HEp-2 cells and among these only 9 strains showed
non-haemagglutinating ability. In the S. preumoniae isolates, there were 6 strains that do
not adhere to HEp-2 cells, and one was found to be neither haemagglutinating nor

adhering to HEp-2 cells.

The tissue invasion ability of the pathogenic bacteria was determined with a factor of 2-hr
intracellular growth incubation time and addition of exogenous gentamicin, The
invasiveness ability of each strain was determined as percentage of bacteria recovered
from initial inoculum quantity of bacteria added to HEp-2 cell monolayer. From the
invasiveness results all the Shigelle and Salmonella isolates were able to invade the
cultured epithelial cells with invasion results ranging between 1.26 and 32,93 %. In the
case of Streptococcus pneumoniae isolates, only 12 out of the 50 strains were able to
invade the cultured HEp-2 cells with invasion percentages ranging between 0.04 and

2.11%. The remaining 38 strains could not invade the HEp-2 cells.
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1. Introduction

During evolution pathogenic bacteria have developed different ways to meet the
requirements of living in various niches (Lugtenberg, 1985). As means of survival in host
tissties, microorganisms have different virulence determinants that allow them to evade
host immune responses (Sherris and Ryan, 1994). A successful pathogen multiplies either
when conditions are favorable or at other times may struggle to survive within a complex
often hostile environment. Eventually, the pathogen with its pathogenic strategy resulis in
successful transmission to a new host or secures its colonization of the primary host
(Falkow et al., 1992). Morcover, pathogens are typically armed with a numnber of
virulence factors and thus pathogenicity involves multifactorial phenotypes (Falkow,

1994).

Virulence factors can be defined as components of a pathogen that damage the host, and
can include components either essential for the survival of the pathogen or not. The
components can comprise microbial products that permit the pathogen to cause diseases
(Casadevall and Pirofski, 1999). There are many genes required for virulence in bacteria,
which are in discrete DNA segments such as ‘Pathogenicity islands’. The acquisition of
such genes is sufficient for a bacterium to become a virulent one (Hacker et af., 1997).
Due to variation in the composition of virulence genes the chemistry of the microbial
surface would also vary. The variation can be the major distinction between pathogenic

and non-pathogenic bacteria (Smith, 1977).



Important virulence factors of Gram-negative and Gram-positive pathogens are plasmid
encoded. However, other virulence determinants are located on the chromosome, where
they are associated in so-called ‘virulence blocks’ or ‘virulence cassettes’. Particular
regions of chromosomally encoded virulence-associated genes have also been termed
‘Pathogenicity islands® (Pais) (Blum ef a/., 1994). Virulence genes of pathogenic bacteria,
which code for toxins, adhesins, invasins, or other virulence factors, may be located on
transmissible genetic elements such as transposons, plasmids, or bacteriophages (Hacker
et al., 1997). Bacterial pathogens tightly regulate the expression of genes required for
virulence. There are more than 100 bacterial proteins which are upregulated within cells,
and approximately 40 of these appear to be unique to the intracellular environment

(Pfeifer et al., 1999).

During bacterial infection mechanisms for establishment within a suitable niche, nutrient
acquisition, and avoidance of immune clearance act together and cause overt diseases
(Miller et al, 1989). The first major step of interaction between a pathogenic
microorganism and its host entails attachment to host cell surfaces (Falkow, 1994),
Furthermore, colonization of the host tissue surfaces is the most critical point in the
process of infection for pathogens requiring the uptake of essential exogenous nutrients.
Among the required nutrients iron is essential for bacterial growth. However, free iron is
present at only very low level (~ 10 M) at sites where colonization occurs because the
iron is complexed with high affinity iron sequestering molecules (Bullen, 1981).
Consequently, a critical component of the virulence factors of microorganisms is their

ability to obtain iron from their hosts (Duchesne et al., 1999).




By adherence, pathogenic bacteria colonize human hosts through interactions between
specific bacterial adhesins and respective binding sites on the host cell surfaces (Finlay
and Cossart, 1997). Adherence is also an important characteristic especially for bacteria
that live on mucosal surfaces during their infectious process (Walker, 1998). However, for
a majority of bacterial and viral infections, which enter the body through mucosal
surfaces, adherence is the first step in pathogenesis (Jakobsen, 1999a). For example,
Streptococcus pneumoniae, initially colonizes the human nasopharynx and can cause

infections of the lower respiratory tract infections and bacteremia (Kim ef al., 1999).

In addition to their ability of adherence host cell invasion is a specialized strategy for
survival and multiplication used by a number of microorganisms. The microorganisms
may enter either professional phagocytes, such as neutrophils and macrophages, or enter
non-phagocytic cells, such as epithelial and endothelial cells (Falkow, 1994). Hence,
virulence may depend upon the degree of invasiveness, the route or mechanism of
invasion, the biological sequelae to invasion, or a combination of these (Douce ef al,
1991). Pathogens often coordinately regulate the expression of virulence factors via
environmental signals. In this respect, for many pathogens, host cell invasion occurs by
friggering of an endocytic process initiated by binding of the bacteria to specific receptors
on the target tissue (Spence et al, 1997). Thus, identification of the mechanisms of the
interactions may help define domains on both bacterial and host tissues, which are critical
for establishing diseases. This in turn provides a basis for the development of novel
therapeutic or preventive strategies (Prasadarao et al., 1999). In addition, studies of factors
that involve in virulence are important in one way or another in the field of molecular

biology of pathogenic bacteria. In general the studies of virulence factors have important




practical implications such as vaccine developments or serve as diagnostic tools (Law,

1988).

Studies on factors that involve in pathogenesis during bacterial infections are limited in
Ethiopia. Aberra Geyid (1995) studied different virulence factors of diarrhoegenic
Escherichia coli strains that were causes of acute and persistent diarrhea among Ethiopian

infants.

General Objective
The general aim of the present work is to carry out study of virulence factors of some
important pathogenic bacteria isolated from Ethiopian patients (Streptococcus

preumoniae, Shigella, and Salmonella species).

Specific Objectives

The specific objectives of this work are:

1) To investigate the ability of adherence to epithelial cells in the pathogenic bacteria.

2) To iuvestigate the virulence factor invasion of epithelial cells in the pathogenic
bacteria using cultured epithelial cells.

3) To analyze presence of association between the ability to agglutinate erythrocytes and
adhesion to epithelial cells.

4) To compare the adherence and invasion characteristics of the bacteria among the

groups,




2. Literature Review

2.1. The Virulence Factors of Streptococcus pneumoniae

Streptococcus pneumoniae is a Gram-positive, oval diplococcus with its axis end to end,
giving the individual bacterium a bullet or lancet shape. Tt grows best at temperatures 35 to
37° C and can grow under atmospheric conditions ranging from aerobic to strictly
anaerobic. On blood agar the pneumococcus peruces round glistering 0.5 to 2.0 mm

colonies surrounded by a zone of alpha-hemolysis (Ryan and Falkow, 1994a).

The pneumococcus is encapsulated with polysaccharide (PS), which is the main virulence
factor. The polysaccharide protects the bacterium from phagocytosis following
opsonization by polysaccharide-specific antibodies and complement proteins (Vidarsson et
al., 1994). The bacterium is capable of considerable interstrain heterogeneity as evidenced
by its ability to express at least 90 unique types of the capsular polysaccharides. In
addition, the virulence of the pneumococcus is highly sensitive to relatively small
differences in amounts of capsular polysaccharides between strains of the same type

(Weiser and Kapoor, 1999).

In addition to interstrain variation there is a marked intrastrain variation in most isolates.
The variation is explained as differences between opaque and transparent phenotypes
when colonies are viewed on translucent surfaces rather than on blood agar (Weiser et al.,
1994). In comparison to opaque forms, the transparent variants have greater amounts of
cell .wall teichoic acid (associated with C-polysaccharide) and an altered distribution of

proteins that are anchored to the choline moiety on the teichoic acid (Rosenow et al.,




1999). Opaque pneumococci express from 2.5-to 22-fold more cell wall associated
capsular polysaccharide, as measured by capture enzyme-linked immunosorbent assay,
than do transparent variants of the same strain. The increased expression of capsular
polysaccharide by opaque pneumococci (i) hinders cytoadherence, which may account for
their inefficiency at colonization of the nasopharynx, and (ii) increases resistance to
opsonophagocytosis, which may explain their greater virulence in a murine model of

sepsis (Kim ef al., 1999).

Streptococcus  pueumoniae is the most important bacterial cause of pneumonia,
meningitis, and otitis media in young children, in the elderly, and in patients with chronic
medical conditions or immunosuppressive illnesses, particularly ATDS (Siber, 1994). The
bacteria can also cause bacteremia (sepsis) especially in elderly people and in young
children though it enters the body through the respiratory mucosa (especially the

nasopharynx) (Jakobsen et al., 1999a).

Severe pneumococcal infection and its complications result partly from the direct actions
of pneumococcal viruletice determinants and the corresponding immune responses to the
various pneumococcal components. Pneumococcal virulence determinants and the
corresponding immune responses produce four key effects: adhesion, invasion,
inflammation, and shock. Several of the virulence determinants have been proposed as

vaccine candidates (Gillespie and Balakrishnan, 2000).

It is observed that secretory IgA at mucosal surfaces inhibits the adherence and invasion of

mucosal pathogens, as a result mucosal immune responses against pneumococci are




considered to be beneficial, Furthermore, mucosal immunization has additional benefits in
that it induces sufficient systemic immune responses and generates immunological
memory (Jakobson et al, 1999b). The already existing 23-valent-pneumococcal
polysaccharide vaccine was formulated to prevent invasive infections in the elderly and
high risk populations. However, the effectiveness of the vaccine for population of adults
over 65 years old remains controversial (Rubins ef @/, 1999). In addition, the vaccine is
poorly imnunogenic in young children (Jakobson et al, 1999b). Thus, seeking effective
preventive means for sireptococcus pneumoniae infections is given priority in this era

(Rubins et al.,1999).

2.1.1. Adhesion to and Invasion of Host Tissues by S. pneumoniae

Pneumococcal phase variation between opaque and transparent variants has been
implicated for the variation in the ability of pneumococci to colonize the nasopharynx in
an infant rat model (Weiser ef al, 1994). Transparent variants are able to colonize the
nasopharynx more easily than opaque variants. This attribute is in keeping with their
greater capacity for adherence to various cells, e.g. human buccal cells, and human lung

epithelial cells (Gillespie and Balakrishnan, 2000).

A two step model of pneumococcal adherence has been established. Pneumococci first
target host cells by binding surface glycoconjugates; such as Gal NAc-£ 1,4-Gal and Gal
NAc-f 1,3-Gal. A second adherence step is shown to lead to invasion and is observed

upon activation of the human cells by proinflammatory cytokines (Cundell et al., 1995c¢).




Adherence in the nasopharynx involves only recognition of N-acetyl-D-glucoseamine f31-3
galactose (Glc NAc f1-3 Gal) glycoconjugate receptors on buccal epithelial cells. In
contrast, adherence to resting lung cells (pneumocytes and vascular endothelial cells)
involves two classes of receptors containing N-acetyl-D-galactosamine linked to either

SL.3 or B1,4 galactose (Gal NAc f1,3 Gal and Gal NAc 1,4 Gal } (Cundell ef al.,1995a).

Pneumococci are also able to adhere to platelet-activating factor (PAF) receptors on host
cells via their phosphorylcholine determinant, PAF receptors have been identified in a
number of tissues and cells including lung, brain, and leukocytes (Cundell ef al., 1995b).
The adherence of pneumococci is enhanced by treatment of target cells with interleukin-1
(IL-1) and tumor necrosis factor-alpha (TNF-¢). The increased adherence is due to
enhanced appearance of new specificity for N-acetyl-D-glucoseamine (Glc Nac) and
platelet-activating factor (PAF) receptors as shown on activated pneumocytes and vascular

endothelial cells (Cundell et al,, 1995a).

Choline-binding protein A (CbpA): the surface of S. pneumoniae is decorated with a
family of choline-binding proteins (CBPs) that are non-covalently bound to the
phosphorylcholine of the teichoic acid in the cell wail. One of the CBPs is the choline-
binding protein A (CbpA), which is identified as an adhesin and a determinant of
virulence. CbpA is a 75-kDa surface exposed protein. Two examples of other CBPs are
Poneumococcal surface protein A (PspA} and the major autolysine (Lyt A) (Rosenow ef al.,
1999). CbpA is present on the pneumococcal surface via non-covalent association with the
choline of the cell wall and appears to promote increased pneumococcal attachment to

cytokine activated human cells (Ring ef al., 1998).




Pneumococcal adherence to cells has been shown in vivo and in vitro to be affected by
reversible phase variation marked by changes in morphology from opaque to transparent
phenotype and vice versa (Cundell ef @/, 1995a). In comparison fo noninvasive opaque
forms, transparent pneumococci present more cell wall choline, the natural ligand for the
platelet-activating factor (PAF) receptor. As a result transparent pneumococci express
more CpbA and interact with cytokine activated host cells that favors adhesion and

subsequent invasion (Ring et al., 1998).

Pnenmococcal surface adhesin A (PsaA): is a 37-kDa surface lipoprotein essential for
pneumococcal virulence. PsaA is encoded by psad gene, which is part of the psa locus
that also contains three other open reading frames (ORFs).The ORFs encode an adenosine
triphosphate (ATP)-binding protein (PsaB), a hydrophobic membrane protein (PsaC) and
another protein (PsaD) which has homology with periplasmic thiol peroxidase of

Escherchia coli (Gillespie and Balakrishnan, 2000).

The role of PsaA as pneumococcal adhesin is identified by the finding that PsaA™ strains
had significantly less in vitro adherence to cell lines than PsaA' strains. Also it has been
shown that psad gene mutant type-2 strain of S. preumonia has significantly reduced
virulence for mice. PsaA is also a protective immunogen in mice as a purified protein

(Berry and Paton, 1996).




The most important event in pneumococcal infection is invasion of tissues in the lower
respiratory tract, This ability of tissue invasion provides a route of transmission across the
alveolar space into the blood streamn and across the blood-brain barrier into the menings
(Gillespie and Balakrishnan, 2000). In addition, the ability of S. preuomniae to readily
gain access to the blood circulation from the alveolar space is believed to occur due to a
strong interaction with vascular endothelial cells (EC) of the alveolar capillaries (Cundell

el al.,1995a).

Pneumococci can not enter resting vascular endothelial cells in vitro, This condition was
shown by the swrvival of only 0.1% of pneumococcal inoculum upon exposure to
exogenous gentamicin, In contrast, activation of endothelial ¢cells by cytokines resul.ts in
the entry of 2-3% of the pneumococci within 30 minutes. Internalization of pneumococci
by activated cells can be largely prevented (i.e. decreased by ~87%) by treatment of the
cells with PAF receptor antagonists (Cundell ef af,, 1995¢). In addition, in an in vitro test
pneumococci were incubated with human umbilical vein endothelial cells, and IL-1 and
TNF-a cytokines. After the incubation the pneumococci were seen preferentially adhered
fo the borders of the cells. Subsequent to their adherence the pneumococci were taken up
rapidly by the endothelial cells because bacteria were present inside vacuoles with in lhr

of incubation (Geelen ef af., 1993).
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2.1.2. Enzymes of S. pneumoniae as Virulence Factors

Autolysin: it is /yt4 gene encoded major autolysin (N-acetylmuramoyl-L-alanin

amidase) of S. pnewmoniae. It is a member of a widely distributed group of cell wall-
degrading enzymes (Whatmore and Dowson, 1999).

The involvement of /ytA gene product autolysin in virulence has been shown by that
isogenic /yf4 mutants have been found to be significantly less virulent than the parent
strains in animal models. When mutant strains were inoculated into mouse lung in a model
of pneumonia, the strains were cleared rapidly and could not invade the blood stream
(Canvin et al., 1995). Mechanisins for the roles of autolysin in pathogenesis have been
postulated. Autolysin may play a role in virulence by mediating the release of bacterial
cell wall components that are shown to be highly inflammatory in animal models. In
another way autolysin plays role in pathogenesis by mediating bacterial cell lysis and the
subsequent release of virulence factors, such as pneumolysin that is not actively exported

from the bacterial cell (Whatmore and Dowson, 1999).

Hyaluronidase: this could facilitate pneumococcal invasion by degrading connective -

tissues. The importance of this enzyme in virulence has been demonstrated by that
pneumococcal strains with higher hyaluronidase activity breach the blood-brain barrier
and disseminate more effectively (Gillespie and Balakrishnan, 2000). Also it has been
shown that addition of exogenous hyaluronidase to strains, which did not produce the
enzyme were able to disseminate and breach the blood-brain barrier in mice. Hence, it was
concluded that high hyaluronidase activity is the most important factor contributing to the

development of pneumococcal meningitis (Kostyukova et af., 1995).

11



Neuraminidase: the enzyme is secreted during logarithmic phase of the bacterial

growth. Tt cleaves terminal molecules of N-acetylneuramic acid (NANA) from
glycoproteins and gangliosides. So that, if secreted into cerebrospinal fluid (CSF) it
cleaves CSF proteins, gangliosides, and the glycoproteins of neurons and other central
nervous system tissues. The damages to these components result in clinical manifestations
of neural dysfunction (O’ Toole ef al.,, 1971). In addition, the enzyme cleaves sialic acid
residues from a wide variety of molecules damaging host tissues. This action may serve to
expose receptors for pneumococcal adhesins facilitating both colonization and invasion

(Gillespie and Balakrishnan, 2000).

Production of neuraminidase by S. preumoniae results in exposure of red blood cell T-
antigen, resulting in hemolysis, thrombocytopenia, and acute renal failure in hemolytic
uretnic syndrome (HUS) in children (Pan ef al, 1995). Hemolytic uremic syndrome
(HUS) associated with infection by neuraminidase producing S. preumoniae usually

presents with pneumoniae and results in high mortality rate (Erickson ef al., 1994).

2.1.3, Other Virulence Factors of S. pneumoniae

Pneumolysin; it is a 53-kDa thiol-activated cytolysin produced by virtually all clinical
isolates of pneumococci. It is a proven virulence factor of S. pneumoniae. Its cytolytic
activity involves interaction with cholesterol in target cell membranes and insertion into
the lipid bilayer, followed by oligomerization to form transmembrane pores. Eventually

this activity brings about host cell lysis (Betry et al., 1999).

12



During infection the cytolytic properties of pneumolysin enables it to cause damage on a
wide variety of host cells, including bronchial epithelial cells, alveolar epithelial cells and
pulmonary endothelium. Its detrimental effects on bronchial epithelium result in slowing
of the ciliary beat, impairing the ability of mucociliary escalator to clear particles
effectively (Rayner et al., 1995).- Pneumolysin also has toxic effects in rat lungs and rabbit
corneas when supplied in vivo. Also from in vitro tests it lysed polymorphonuclear
leukocyte (PMNL) and platelets. It has also inhibitory effects on the polymorphonuclear
leukocytes’ respiratory burst activity in vitro (Sato et al., 1996). The involvement of
pneumolysin in direct lung damage is suggested by the finding that phospholipase-A in
pulmonary artery endothelium is strongly activated by pneumolysin. Once the
phospholipase-A is activated it breaks down a wide variety of Cell-membrane

phospholipids (Rubins et al., 1994)

In addition fo its activity of cell lysis, pneumolysin is the primary component of live
pneumococci stimulating Nitric Oxide (NO) production in macrophages (Braun et al.,
1999). The production of NO during inflammatory response deleterious effects. The
deleterious effects occur during sepsis acute inflammation, including circulatory and organ
failure in septic shock (Braun ef «l., 1999). It has been also observed that pneumolysin is
capable of directly activating the classical complement pathway. It activates the
complement pathway in the absence of specific antibody, with a concomitant reduction of

serum opsonic activity (Paton ef al., 1984).

Pneumococcal surface protein A (PspA): it is an 84-kDa protein containing several

distinct domains, Among the domains the C-terminal end of PspA is a choline-binding

13



component made up of 10 repeats of 20 amino acids each. It is responsible for the
attachment of PspA to pneumococcal surface (Gillespie and Balakrishnan, 2000).

According to Tu ef al, (1999) PspA* and PspA strains of pneumococci were used to
examine the effect of PspA on viralence both in vive and in vitro. From the in vivo and in
vitro data the mechanisms by which PspA contributes to virulence is by interfering with
deposition of the complement protein C3b. This condition prevents the formation of the
alternative pathway amplification by C3 convertases. This process also leads to reduction

in opsonophagositosis of the pneumococcus.

C-polysaccharide (Capsular polysaccharide): it has been established that the
polysaccharide capsule of the pneumococci is an important virulence factor. This was
shown by the production of mutant strain, lacking detectable capsular polysaccharide,
from an encapsulated parent strain., The uncapsulated mutant had greatly reduced

virnlence in a mouse model compared to the parental strain (Watson and Musher, 1990).

The polysaccharide capsule of §. pneumoniae has an important role in generating
inflammatory mediators and consequent pathological changes. Injection of cell wall
preparation or isolated capsular antigen has been shown to generate strong inflammatory
response in chinchilla rabbits (Tuomanen ef al, 1985). Also it is thought that the
components of the complement cascade generated by interaction with C-polysaccharide
are crucial in generation of an inflammatory reaction in the alveoli, the menings, and
middie car. Also there is higher trend of moitality in patients with detectable C-
polysaccharide in their serum, pneumococci with high cell wall turnover induce greater

inflammatory response (Gillespie et al., 1997).
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In another observation S. preumoniae strains were seen to bind the complement regulatory
protein factor H via the C-polysaccharide. The binding results in the inhibition of
complement activation. Also the binding of S. pneumoniae to factor H results in resistance
to complement- dependent opsonophagositosis, which is an essential part of host defense

against the pneumococci (Neeleman ef ¢f., 1999).

2.2. The Virulence Factors of Shigella spp.

Shigella spp. are Gram-negative enteric bacteria that continue to cause significant cases of
diarthoea and dysentery worldwide (Way ef al., 1999). Shigella spp. are closely related to
E. coli biochemically and antigenically. The genus is divided into four species, or groups
on the bases of differences in O-antigens and some biochemical reactions. The species
(groups) are Shigella dysentriae (A), Shigella flexineri (B), Shigella boydii (C), and
Shigella sonnei (D). All but §. sonnei are further subdivided into a total of more than 30
individual serotypes (Ryan and Falkow, 1994b). Shigella dysentriae (group A), Shigella
Sflexineri {group B), Shigella boydii (group C), and Shigella sonnei {group D)-include 10,

6, 18, and 1 serotypes respectively (Echeverria ef al., 1991).

Shigella spp. cause disease by first invading the epithelial cells of the colonic mucosa and
then spreading intra- and intercellularly. The intercellular dissemination produces
inflammation and ulceration, resulting in diarrhoea or dysentery (Hartman ef al, 1999).
Microbiological surveys, in areas where diarrhoeal disease is endemic, have implicated
Shigella spp. as etiologic agents in at least 20% of diarrhoeal cases. Shigella flexineri 2a is

usually the prevalent species and serotype in these areas ( Coster et al., 1999).
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In Shigella spp. loct encoding type III secretory apparatus (system) components have been
identified. In general type III systems are complex membrane-bound structures dedicated
to the delivery of virulence effectors from the bacterial cytoplasm to eukaryotic cell
| surfaces or intracellular environments. The type Il secretory system is also referred to as
contact dependent, as it can be activated in some cases by direct pathogen-host cell

interaction (Schuch and Maurelli, 1999).

2.2.1. Adhesion to and Invasion of Host Tissue by Shigella spp.

In shigellosis, bacterial invasion of colonic epithelial cells (CECs) is one of the most
significant events responsible for the clinical manifestation of the disease. Also adhesion
of the bacteria to the epithelial cells before internalization is a prerequisite. Attachment of
Shigella to mammalian cells is often mediated through sugar-lectin interaction (Guhatha ez
al., 1992). From in vitro experiment it has been shown that strains of S. flexineri serotype-
Ib adhere to guinea-pig colonic cells and strains of §. flexineri serotype-5 to Hela cells
(Qadri et al, 1991). In the intestine Shigella spp. adhere and subsequently invade
enterocytes through the basolateral membrane. Internalized bacteria subsequently spread
within the infected cells by organizing host cell actin into cytoskeleton-based motor
(Coster et al., 1999). In the invasion process the type Il secretion pathway of Shigella
secretes a set of bacterial gene products, called invasion plasmid antigen (Ipa) proteins.
During invasion the proteins trigger epithelial cell membrane ruffling process that is

responsible for mediating bacterial entry (Schuch and Maurelli, 1999),
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Within the intracellular environment shigellae multiply and begin eclaborating an
intercellular spreading phenotype. The spreading phenotype propels the bacteria within
cellular protrusions resulting in passage into adjacent uninfected cells (Schuch and
Maurelli, 1999). The ability to spread intercellularly is dependent upon the activity of one
protein, IcsA, which is born by the large virulence plasmid of Shigella spp. IcsA isa 120
kDa outer membrane protein which is asymmetrically localized to the old pole of the
bacteria (Sandlin and Mauwrelli, 1999). It has been recognized that the IcsA protein is a
recruiter for cytosolic nucleators of filamentous actin. The recruited actin is found
concentrated at the distal poles of septating shigellae. The resulting comet-like tail
provides a motive force for the bacteria within the cytoplasm of infected cells. Then the
mobilized bacteria spread into adjacent epithelial cells via membrane protrusion (Vasselon
et al, 1992). The multistep process, which involves the internalization of shigellae by
epithelial cells, followed by intraceltular growth, intra- and intercellular spread, results in

host cell death (Schuch and Maurelli, 1997).

As it has been studied in S. flexineri virulence is conferred in part by products of loci
encoded on a 220-kb virulence plasmid. Many of the plasmid-encoded genetic
determinants of virulence are localized within a 31kb ** invasion region” which
encompasses over 30 genes. Among the products of this loci are secreted effectors of
invasion process (four Ipa proteins) as well as proteins dedicated to their secretion (Mix

and Spa proteins) (Schuch and Maurelli, 1999).
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2.2.2, Shigella Toxin as Virulence Factor

Shiga toxin is a potent toxin produced by Shigella dysentriae type-1 strain, This protein
toxin of the strain is the virulence factor of the organism (Brown ef ai., 1991). The toxin
has four biologic activities that are cytotoxicity, enterotoxicity, neurotoxicity, and
inhibition of protemn synthesis in the host. It consists of two polypeptide chains, an A-
chain (molecular weight, 32, 225Dalton) and a B-chain (molecular weight, 7, 691Dalton).
These two polypeptides associate with a stoichiometry of one A and five B subunits to

form the holotoxin (Donohue-Rolfe ef af., 1991).

In the Shiga-toxin the B-chain mediates binding of the holotoxin to susceptible host cells.
Isolated, renatured B subunit, but not A subunit of the toxin binds to HeLa cells. Shiga-
toxin binds to Gal-c.1-4 Gal-containing glycolipids by its B-subunit. During enterotoxicity
the B subunit binds to (Gb3 receptors on the villus cells, Gb3 is a P blood group-active
substance composed of trisaccharide Gal-c1-4 Gal-pf1-4 Gle linked to the lipid moiety
ceramide as shown in a rabbit model (Jacewicz et af., 1986). Also by targeting the villus
cells, Shiga-toxin inhibits Na* absorption with out Cl' secretion. This situation appears to
be due to the expression of substantial quantities of the toxin-binding glycolipid Gb3 by
villus cells. The binding of the toxin to the villus cells impairs the transport function of the
cells. Thus, reduction of transport of Na* and presence of unchanged CI secretion would

lead to net fluid accumulation at the mucosal side of the intestine (Keusch et af., 1991).

The A-subunit of the Shiga-toxin is responsible for the biochemical effect of the toxin i.e.

inhibition of protein synthesis by host cells. The A-subunit involves in cleaving the N-
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glycosidic bond of adenine at nucleotide position 4324 in the 28s rRNA of the 60s
ribosomal subunit (Donohue-Rolfe ef af,, 1991). Since Shiga toxin acts on the ribosome
while inhibiting protein synthesis, it must enter the cytoplasm of the target cells. The eniry
of Shiga-toxin is strongly dependent on divalent cathion presence. So that physiologicaily
occmring Ca' transport channels are required for the entry of Shiga-toxin into cells. It has
been demonstrated by electron microscopy that Shiga-toxin was taken up from coated pits

into endosomes, lysosomes, and golgi region (Brown ef a/., 1991).

Neurologic disturbances are the most frequent complications of acute gastroenteritis
caused by Shigella. Shiga-toxin has been implicated in neurotoxicity, as its administration
caused paralysis and enhancement of seizures (a neurological complication) in mice and
rabbits. The proinflammatory cytokines TNF-¢ and IL-1[5 may be involved in the disease
because they can affect many functions including neurotransmission. There are also
several pathways by which TNF-o and IL-1B can affect brain function (Yuhas et al,

1999).
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2.2.3. The Lipopolysaccharide (LPS) of Shigella spp. as Virulence Factor

The lipopolysaccharide in Shigella, as in other gram-negative bacteria, contributes to
virulence providing resistance to the host defence such as phagocytosis and antibody’s
bactericidal activity. The LPS molecule consists of covalently linked components: lipid-A,

a core polysaccharide, and an O-antigenic polysaccharide chain (Okamura ef al., 1983).

During infection the LPS in the host’s body induces wide spectrum of non-specific
pathophysiologic reactions, known as endotoxic reactions such as fever, hypotension, and
leukopenia, followed by leukocytosis. These effects are attributable to the lipid-A
component of the LPS, These conditions were shown by the synthesis of lipid-A analogue
that has been tested both in vitro and in vivo tests. The data from these tests indicated that
lipid A of Shigella is capable of eliciting in the host all the pathophysiclogic reactions of

endotoxin (Kumazawa et al., 1988).

2.3. The Virulence Factors of Salmonella spp.

Members of the genus Salmonella are ubiquitous pathogens that can infect humans and
their livestock, wild animals, reptiles, birds, and even insects. However, most of the
human diseases are caused by only about ten different serotypes of Sa/monella (Ryan and
Falkow, 1994b). The group classified as Salmonella enterica posses different serovares
that are capable of infecting humans and other hosts. Disease manifestations are results of
complex interactions between the infecting S. enterica serovar and the host species. For

example, S. enterica serovar Typhinurium (Salmonella typhimuriun) causes disease both
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in mice and humans, yet the nature of the infection is distinctly different in each host.
While other S. enterica serovares are adapted to specific hosts, one of them is S. enterica
serovar Typhi (Salmonella typhi) the etiologic agent of human typhoid fever., S. typhi
infects only humans under natural conditions and avirulent in non primate hosts (Morrow

et al., 1999).

In general, Salmonella spp. are facultative intracellular pathogens which are capable of
causing different disease manifestations, including enteric fever, bacteremia, and
gastroenteritis. Following oral ingestion, Salmonella penetrates mucosal epithelium of the
small intestine, by interacting with columnar epithelial cells and microfold cells that
overlay the peyer’'s patches (Henderson et al.,, 1999). Salmonella after crossing the gut
mucosa can also invade the host by colonizing the gut-associated lymphoid tissue

(GALT), as well as the spleen and liver (Benyacoub ef al., 1999).

All serovars of Salmonelia enterica encode a type III protein secretion system within a
Salmonellae-Pathogenicity-Island-1 (SPI-1) at centisome 63 of their chromosome. This
system mediates the translocation of a battery of bacterial proteins in to the host cells,
which stimulate or interfere with host cellular functions (Eichelberg and Galan, 1999),
This type 11l secretion system is also involved in the initiation of programined cell death
(apoptosis) in macrophages {(Chen ef al., 1996). In addition, Salmonella enterica serovares
have virulence plasmids. The virulence plasmids of several Safmonella enterica serovars
invariably carry the spy operon, which plays a role in the virulence of the host strain, The
size of these plasmids varies with each serovar, ranging from 50 to 285 kb. The level of

closeness of the plasmids among the serovars runs in descending order, from the virulence
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plasmid of Typhimurium (pSTV) to that of Entritidis (pSEV), then to that of Choleraesuis

(pSCV), and finally to that of Dublin (pSDV) (Chu et al., 1999).

Deletion of various virulence genes can render Sa/monella avirulent. For instance, a
mutation in invH, a gene located on SPI-1 (Salmonella Pathogenicity Island-1), results in
the attenuation of the pathogen during oral infection of calves. Also a mutation in hil4, a
positive regulator of genes on SPI-1, reduces the ability of S. typhimurium to cause fluid
accumulation in bovine ligated ileal loops, which is a good model of Salmonelia caused

diarrhea in human (Tsolis ef al, 1999).

2.3.1. Adhesion to and Invasion of Host Tissue by Salmonella spp.

Enteric pathogens experience different environmental changes when they enter their hosts
by the oral route, e.g. low pH, increased temperature, low CO; tension, high osmolarity,
and nutrient deprivation. In the case of S. typhi it has been shown that maximal expression
of virulence determinants for adherence to intestinal epithelial cells in the distal ileum is
favoured by high osmolarity (Tartera and Metcalf, 1993). In addition, an essential step in
the development of discases due to Salmonella spp. is the entry of the bacteria into non
phagocytic cells including those that line the intestinal epithelium (Zierler and Galdn,

1995).

Salmonella entry into host cells is a result of multistep process. The events that trigger
internalization require a battery of bacterial proteins that are exported by the type III

protein secretion system, The type III protein secretion systems are usually encoded by
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genes that are clustered together (Bichelberg and Galan, 1999). Contact of Safmonella
spp. with host cells results in the assembly of peritrichous appendages called Invasomes in
the bacteria. Invasomes assembly requires a functioning type III secretion system. In
addition to Invasomes a virulence protein , Invl, is secreted which facilitates bacterial
internalization into host cells (Zierler and Galan, 1995). The ability to cross the intestinal
epithelial barrier is also an important determinant of Salmonella virulence. This
phenomenon is mediated first by the entry into several cell types, including enterocytes, M

cells, and macrophages (Procyk et al., 1999),

A large number of genetic loci required for the entry of Salmounella into host cells have
been identified by several laboratories. Most of host cell entry loci are clustered in discrete
region of the Salmonella chromosome at centisome 63. Invasion loci located elsewhere in
the chromosome have also been identified (Galan, 1996). It is now recognized that as
much as 35-40 kb of DNA encompassing a contiguous region of the Salmonella
chromosome at centisome 63 encode determinants required for entry into host cells.
Nucleotide sequence analysis of this region carried out to date has revealed the presence of
at least 28 genes (Mills et al., 1995). At least 17 genes are found in inv, spa, and prg loci
that encode the contact dependent type Il protein secretion system in Salmonella (Wattiau
et al., 1996). The spa locus has been described as being specific to Salmonella spp.. It was
also demonstrated that two genes of this locus, spaP and spas, play an important role in
bacterial entry. Additional genes spaQ, spaQ, and spaR in spa locus play essential role in
bacterial internalization, since mutation in each one of these genes rendered S

typhimurium deficient for entry into cultured epithelial cells (Collazo and Galén, 1996).
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A number of proteins encoded in the 63-centisome region of Salmonella chromosome may
either assist the secretion process of the type IIT protein secretion pz;thway or act as
modulators of the function of putative signaling molecules. For example, specific
cytoplasmic chaperones assist the export of target proteins that involve in invasion
(Wattiau et al, 1996). In the same manner in S. fyphimurium internalization appears to
require an array of bacterial secreted proteins. They are essential to the induction of host
cell signal transduction pathways that lead to host cell membrane ruffling and subsequent

bacterial uptake (Gewirtz et al., 1999).

In addition to Salmonellae-Pathogenicity-Island-1 (SPI-1) at centisome 63, Salmonellae-
Pathogenicity-Island-2 (SPI-2) is also identified at centisome 31 of the chromosome. SPI-
2 is required for bacterial systemic spread and survival within phagocytic cells (Medina et
al., 1999), In addition to the ability of Salmonella to invade epithelial cells, surviving
within macrophages is essential virulence factor, This ability may represent a major factor
in determining host restriction, Sa/monella can also induce apoptosis in macrophages,
which is a factor that inay further contribute to virulence (Lowe ef ai., 1999).

Eventually, salmonellae interaction with epithelial cells can be modeled using cultured
epithelial cells, Such mmodels have been used to identify and understand the bacterial, host,
and environmental factors that involve in invasion, For example, non-invasive mutants of
S. typhimurium for cultured cells exhibit virulence defects in mice that is consistent with

an inability to cross the intestinal mucosa (Johnston et al., 1996).
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2.3.2. The Lipopolysaccharide (LPS) of Salmonella spp. as Virulence Factor

The LPS of Salmonefla spp. consists of three structural domains: an inner moiety, Lipid A,
embedded in the outer membrane and adjoined by the Core Oligosaccharide (central part
of the LPS), and then an outer generally hydrophilic, O-antigenic repeating polysaccharide

L

unit (Nnalu€ et al., 1992). Wild-type strains synthesize LPS with long polysaccharide
chains, the so-called S-form (smooth LPS). Whereas in R-form (rough 1LLPS} strains,
biosynthesis of the O-polysaccharide and in some cases the Core Oligosaccharide is

defective, Consequently, R-form strains synthesize LPS, generally termed R-chemotype or

R-form LPS with shorter saccharide chains (Kirikae ef al., 1999).

Like other members of Enterobacteriaceae the LPS of Salmonella is a major virulence
factor and an important antigen for protective immune response, In Salmonella, the core
region of the LPS is highly conserved unlike the O-antigen. The >2000 serotypes of
Salmonella share only two closely related core types (Nnalue, 1999). In addition to its
immunogenicity the LPS plays a major role in the pathogenesis of septic shock and a
variety of other clinical disorders (Nnatue ef al., 1992). During typhoid fever caused by S.
typhi proinflannmatory cytokines, such as IL-1B and TNF-o that are induced by LPS, have
been shown to play important role in the development of fever and other symptoms
associated with systemic inflamnatory response syndromes (SIRS). Hence, high
concentration of LPS associated with high bacteremia might lead to a sever form of SIRS
referred to as endotoxic shock because of induction of high concentration of cytokines by

LPS (Wyant ef al., 1999).
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2.4. Haemagglutination

The ability of bacteria to agglutinate red blood cells from humans and a number of animal
species is a good measure for the presence haemagglutinins. Moreover, haemagglutination
technique provides a means for detecting and classifying specific adhesins (Parry and
Rooke, 1985). Also fimbriae that involve in adhesion to epithelial cells could be
demonstrated by haemagglutination (Grund and Stolpe, 1992). For example, in
Haemophilus influenzae haemagglutinating pili promote adherence to a broad range of
human cell-lines (Krasan et al, 1999). There are several types of haemagglutinating
fimbrial adhesins that have been recognized to date. Among the bacterial surface adhesins
that mediate haemagglutination are type-1 fimbrial adhesins. They mediate the so-called
mannose-sensitive haemagglutination (MSHA), which give an agglutination of
erythrocytes that is inhibitable by D-mannose (Nichols ef af., 1990). Still there are other
adhesins recognized as mannose-resistant haemagglutinins (MRHA), which give an
agglutination of erythrocytes that is not inhibitable by D-mannose (Sussman, 1985).
Erythrocytes can occur in natural variants differing in the composition of their surfaces.

Hence, they give specific receptors for bacterial adherence (Korhonen and Finne, 1985).

In addition, virulence determinants such as smooth forms of LPS are known to involve in
haemagglutination in pathogens like Shigella spp. (Qadri et al., 1991). In a search for
haemagglutinins an extracellular haemagglutinating slim layer was identified in S
dysentriae 1, S. flexineri 2a, S. boydii 12, and 8. sonnei 1. The slim layer extracted from

the surface of these Shigella strains was able to agglutinate erythrocytes. However, the cell
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surface haemagglutinin is a loosely bound slim layer, which is expressed in Casamino
Acids-Yeast Extract (CYE) broth medium. The slim layer was also shown to be different

from LPS (Haque ef al., 1995).
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3. Materials and Methods

3.1. Bacterial Strains

For this work both clinically and laboratory confirmed pathogenic bacterial strains
(Shigella spp., Salmonella spp., and Streptococcus pneumoniae strains) were received
from the Clinical Bacteriology Laboratory of Ethiopian Health and Nutrition Research
Institute (EHNRI). The Gram-negative bacteria, Shigella and Salmonella species are
isolates from patients with enteric diseases and were preserved at -70°C after isolation. For
the assays 25 strains of Shigella spp. and 25 strains of Salmonella spp. were used. All the
strains were confirmed by culture, biochemical tests, and serological test at the time of
isolation from patients. Also the Gram-positive bacteria, Streptococcus pneumoniae
strains, are isolates from patients with acute respiratory tract infection (pneumonia) and
were preserved at -70°C after the isolation. The pneumococcal strains were confirmed in
the laboratory by their alpha-haemolysis characteristic, optochin application with zone of
inhibition, bile solubility test, and slidex pneumokit (Biomerieux) test. A total of 50

strains were used for all the assays in this work.,

Prior to application for tests strains of Salmonella spp., Shigella spp. and Streptococcus
preumonide were recultured, Strains of Shigella and Salmonella were grown on SS-agar
as well as on MacConkey agar at 37°C overnight. After the reculturing the strains were
selected and kept in tryptone soya yeast (I'SY) broth with 20% glycerin in eppendorfs at -
70°C to be used for each test. Streptococcus pneumoniae strains were recultured on blood
agar at 37°C ;Jvemight. After reculturing the strains were selected and kept in tryptone

soya yeast (TSY) broth with 20% glycerin in eppendorfs at -70°C,
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3.2. Haemagglutination

For haemagglutination assay human erythrocytes of type A, B, AB, O, and erythrocytes of
guinea-pig and rabbits were used. For the test the erythrocytes were separated from
citrated blood with low speed-centrifugation. Then the erythrocytes were washed three
times with phosphate buffered-saline (PBS (Difco); pH 7.2) and suspended to 3% (v/v) in

PBS (pH 7.2).

For the test strains of Shigella spp. and Salmonella spp. stored at -70°C were subcultured
and grown overnight at 37°C on MacConkey agar medium (bioMérieux). From the agar
the bacteria were inoculated into Brain Heart Infusion (BHI; Oxoid) broth in 10ml volume
and grown overnight at 37°C without shaking. Also Streptococcus pneumoniae strains
were grown on blood agar medium overnight at 37°C. Colonies from the agar medium
were inoculated into BHI broth and grown overnight at 37°C without shaking. From each
group bacteria grown in the broth medium were sedimented by centrifugation at 3000rpm
for 10 min. After sedimentation the bacteria were washed three times with PBS (pH 7.2)
and suspended in PBS to a concentration of ~5%x10'? bacteria/ml. Bacteria concentration
was determined by counting using hacmocytometer. From each bacterial suspension 25pl
volume was taken and mixed with either 25! of saline or 25ul p-mannose-saline (1%
w/v) in round-bottomed wells of polyvinyl microtitration plates (96-well trays). The
bacteria suspension in each well was mixed using a rotary shaker for 5 min especially to
promote the interaction of bacteria with D-mannose. Immediately after the mixing aliquot
(25p]) of 3% (v/v) erythrocyte suspension was added to each well from each type of

erythrocyte and mixed with the bacteria. The erythrocytes were also added to wells that
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did not contain bacteria but had either saline only or pD-mannose-saline as control. After
addition of the erythrocytes microtitration trays were sealed with parafilm tape. Mixing of
the erythrocytes with the bacteria was done on a rotary shaker for 10min at room
temperature. After the mixing the trays were incubated at 4°C for 1 hr. After the
incubation haemagglutination results were determined using a magnifying glass mirror
(Titertek Microtitration equipment) from the bottom of the microtitration trays. Results
were read as strong (+++), or moderate (++), and as weak (+) or negative (-) for both

mannose sensitive and mannose resistant haemagglutination (Sussman, 1985).

3.3. Adhesion and Invasion Assays

3.3.1. Tissue Culture (HEp-2 Cell) Maintenance

HEp-2 cells (human pharyngeal carcinoma cells) were used for both bacterial adherence
and invasiveness assays. HEp-2 cells were chosen because of their wide spread use and
ready availability, The initial HEp-2 cell gift was from “Polio Diagnostic Laboratory” at
the Ethiopian Health and Nutrition Research Institute (EHNRI). Cells were routinely
grown in Falcon Tissue Culture Flasks (75cm?; Becton Dickinson) in complete RPMI-
1640 (Sigma) tissue culture growth medium, The complete growth medium was prepared
with the addition of fetal calf serum in 10%(v/v) proportion, 2 g/l sodium bicarbonate,
antibiotic suspension 1%(v/v) (10, 600 U/ml penicillin G and 10, 000 pg/ml Streptomycin
sulfate). Flasks were incubated at 37°C in a 5% CO; incubator until cells grow to the

required level. Cells in the flasks were always grown to confluence level.
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For the assays of adhesion and invasion confluent monolayers of HEp-2 cells in flasks
were washed twice with Mg®* and Ca®" free phosphate buffered-saline (PBS; pH 7.2).
After the washing two milliliters of 0.25% (w/v} trypsin (Gibco) was added to each
monolayer. The trypsin was poured off after 1 min. The monolayers were then incubated
at 37°C (in a 5% CO, incubator) until cells began to detach (5-10 min). After the
incubation five milliliters of RPMI-1640 (Sigma) growth medium without antibiotic was
added and cells were resuspended. A 1.5-ml portion of the suspended cells was then added
to 15-ml of growth medium (with antibiotic) in tissue culture flask (75cm®) and incubated
at 37°C in 5% CO, incubator for further growth. The remaining portion of the suspended
cells was diluted to 5x10° cells/ml and 10° cells/ml in complete growth medium without
antibiotic to be used for each assay of invasion and adhesion respectively. This procedure

was repeated for required HEp-2 cells during each test.

3.3.2. Tissue Culture Test for Adherence

The adherence ability and patterns of 25 Shigella spp., Salmonella spp. and 50
Streptococcus pneumoniae strains on HEp-2 cultured cells were studied as described by
Cravioto ef al. (1991) with some modification, For the test 2 ml of suspended HEp-2 (10°
cells/ml) cells in RPMI-1640 complete growth medium without antibiotic were added into
dem-petridish containing a 22-mm sterile glass cover slips. Then the dishes were
incubated at 37°C for 48 hr in 5 % CO, incubator. After growth for 48 hr on the glass
cover slips the HEp-2 cell monolayer in each dish was washed twice with Earl’s Balanced

Salts Solution (EBSS; calcium chloride, magnesium suifate, potassium chloride, sodium
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bicarbonate, sodium chloride, sodium phosphate monobasic. HyO) and prepared for

bacterial inoculation.

For the test Shigella and Salmonella strains were plated on MacConkey agar overnight at
37°C, For broth culture bacteria from the agar medium were inoculated into Sml-volume
brain heart infusion broth in screw cap tubes. Broth cultures were grown overnight at 37°C
without shaking. S. preumoniae strains were also grown on blood agar overnight at 37°C.
For broth culture bacteria were inoculated into Sml-volume brain heart infusion (Oxoid)
broth and allowed to grow overnight at 37°C. The broth culture was sedimented by
centrifugation and washed with PBS (pH 7.2) three times. The washed bacteria were
suspended in PBS with 0.5%(w/v) D-mannose to 10® bacteria/ml. The bacteria were then
incubated for 10min at 37°C before inoculation to HEp-2 cell monolayers. Then one
milliliter of the diluted culture was added to each washed monolayer in the petridishes.
Then the petridishes were agitated at 300rpm on a rotary shaker for Smin to allow contact
of the bacteria and HEp-2 cells. The dishes were then incubated for one hour at 37°C in

5% CO; incubator (Cravioto et al., 1991).

After one hour of incubation for adherence, the monolayers were washed thoroughly 4
times with EBSS (pH 7.2) to remove non adhered bacteria. The monolayers were then
covered with methanol and left for 10min. The methanol was removed and replaced with
newly prepared 10% (v/v) Giemsa-stain for 45min. Then the cover slips in the petridishes
were waslied with water to remove the stain. The cover slips were mounted on glass slides
after passing through acetone, aceton-xylene (50/50 v/v), aceton-xylene (33/66 v/v) and

finally xylene. The cover slips mounted on the glass slides were viewed under oil
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immersion at x1000 magnification under light microscopy. The patterns of bacterial
adherence were determined by studying at least 10 fields per slide. The results were
classified as LA (Localized Adherence), DA (Diffused Adherence), AA (Aggregative

Adherence), or NA (No Adhesion) following definitions by Law (1994).

3.3.3. Tissue Culture Test for Invasiveness

For invasion assay HEp-2 cells were suspended in RPMI-1640 complete growth medium
without antibiotic, From the suspension lml of 5x 10° cells/ml was added into each well of
24-well tissue-culture trays (Becton Dickinson) was added. The trays were incubated for
48 hr at 37°C in 5% CO, incubator. The resulting HEp-2 cell monolayers in each well
were confluent. Then the monolayers in the wells were washed twice with EBSS (pH 7.2)

before bacteria inoculation for invasion (Douce ef al., 1991).

Overnight cultures of Shigella spp., Salmonella spp., and Streptococcus pneumoniae
grown in Sml-volume brain heart infusion (BHI) broth at 37°C were sedimented by
centrifugation and washed three times with PBS (pH 7.2). Iinmediately after the bacteria
were washed and ready for inoculation an infection medium was prepared. It was prepared
from 70ml of Earl’s Balanced Salts Solution (EBSS), 10ml brain heart infusion broth, and
20ml heat inactivated fetal calf serum (60°C, 2hr). Then the washed bacteria were
suspended in the infection medium to a concentration of 107 bacteria/ml. One milliliter of
the suspended bacteria was added to HEp-2 cell mqnolayers in each well. After the
addition of the bacteria, the tissue culture-trays were agitated on a rotary shaker for 10min

at 300rpm at room temperature. After the centrifugation the trays were incubated for 2-hr
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at 37°C in 5% CO, incubator. This was infection time for the bacteria. Afier the infection
time the infection medium was removed and the monolayers were washed thoroughly four
times with EBSS (pH 7.2). Then ! ml of fresh RPMI-1640 complete growth medium with
gentamicin (200 pg/ml) was added to the monolayer in each well. The medium with the
antibiotic was added to allow replication of intracellular bacteria and killing of
extracellularly adhered bacteria, Then the tissue-culture trays were incubated further for 2
hr in 5% CO, incubator for intracellular growth of the bacteria. After the incubation the
growth medium was removed and the monolayers were then washed three times with
EBSS (pH 7.2). After the washing one milliliter of Triton X-100 (1% v/v in PBS) was
added to each well and left for 10 min to release intracellular bacteria by the HEp-2 cells

lysis.

After the HEp-2 cells lysis the suspension in each well of the tissue-culture trays was
mixed vigorously by the aid of sterile micropippet tips to disperse aggregates of bacteria
before counts are determined. To determine the number of recovered bacteria double
dilutions were prepared from each well and inoculated onto agar medium. Shigella strains
and Sal/monella strains were inoculated on MacConkey agar. S. preumoniae strains were
inoculated on blood agar medium. The inoculation was done using 1-pl calibrated loop for
colony count. After overnight growth at 37°C the number of bacteria on the agar plates
were determined using colony counter (Fisher Accu-Lite Colony Counter). Then the
number of viable bacteria in each well of the tissue-culture trays recovered after Triton X-
100 cell lysis was determined from the colony count results, Finally invasion index for
each strain was determined as percentage of live bacteria recovered from the initial

inoculum after HEp-2 cells lysis by Triton X-100. This procedure was also done for
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selected strains from each group with a four-hour intracellular growth incubation time
with gentamicin. The 4-hr intracellular growth incubation was done to see the impact of

the gentamicin during the four hour incubation.
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4, Results

4.1 Haemagglutination

A total of 50 strains of Streptococcus pnenmoniae, 25 strains of Shigella spyp., and 25
strains of Salmonella spp. were tested for their ability to agglutinate different erythrocyte
species. Each strain was tested against six types of erythrocytes (human red blood cell
groups A, B, AB and O, guinea-pig red blood cell, and rabbit red blood cell). Each test
was done in the absence and presence of D-mannose because agglutination of erythrocytes

by type-1 pili in the bacteria can be detected by with or without the addition of p-mannose.

The haemagglutination results of Streptococcus pneumoniae strains are shown in Table 1.
The results are recorded as MSHA (mannose-sensitive haemagglutination) or MRHA
(mannose-resistant haemagglutination) for those strains agglutinating only in the absence
or presence of D-mannose, respectively. Out of the 50 strains tested 35 (70%) were able to
agglutinate all the six types of erythrocytes. Whereas 5 (10%) of the strains were able to
agglutinate one, two, or four types of the tested erythrocytes. Among the tested strains 10
(20%) could not agglutinate any one of the erythrocyte species at all. All the agglutinating
strains showed mannose-resistant  haemagglutination, The detailed results of
haemagglutination for the strains of S. preumoniae in comparison with their results of

HEp-2 cell adhesion are presented in Appendix 1.

Haemagglutination results of strains of Shigella spp. are shown in Table 2. Each strain

was tested with the six types of erythrocytes. Out of the 25 strains tested 17 (68%) of the

strains gave positive agglutination results. Out of the 17 haemagglutination positive
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strains, 12 showed agglutination with only rabbit red blood cells. On the other hand, 3
strains showed agglutination against red blood cells of both guinea pig and rabbit. The
remaining 2 strains could agglutinate all the six types of erythrocytes. All the
haemagglutinating strains have shown mannose-resistant haemagglutination except four
strains that showed both mannose-sensitive and mannose-resistant haemagglutination. The
detailed results of haemaggiutination for strains of Shigella in comparison with their

results of HEp-2 cell adhesion are presented in Appendix 2.

Table 3 shows haemagglutination results of strains of Salmonella that include S. typhi
strains that are cause of typhoid fever (Morrow et al., 1999} and other types of strains. Qut
of the 25 strains tested 13 (52%) were able to give positive haemagglutination results, of
which 12 were able to agglutinate only rabbit red blood cells, Only one strain showed
agglutination of all the six erythrocyte types (human A, B, AB, and O red blood cell
group, guinea-pig RBC and rabbit RBC). The haemagglutination results were all
mannose-resistant. The detailed results of haemagglutination for each strain of Salmonella

spp. in comparison to their results of HEp-2 cell adhesion are presented in Appendix 3,

Table 1. Haemagglutination results of Strepfococcus pneumoniae (n=>50) isolates against
six erythrocyte types

MRHA with erythrocyte of MSHA with erythrocyte of
Human Ra Gp Human Ra | Gp
A B AB 0] A B AB 0

Number of
8. pneumoniae | 35 35 36 36 |37 40 0 0 0 0 0 0

strains

Note: S. pneumoniae = Streptococcus preumoniae, MRHA = mannose-resistant haemagglutination, MSHA
= mannose-sensitive haemagglutination, Ra = rabbit, Gp =guinea-pig
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Table 2. Haemagglutination results of Shigella spp. (n=25) against six erythrocyte types

MRHA against erythrocytes of MSHA against erythrocytes of
Strains of* Human Ra | Gp Human Ra | Gp
A B AB O A B AB O
Shigella A | 0 0 0 0 3 0 0 0 0 0 0 ‘0
{n=06)
ShigellaB | 1 1 1 1 .13 1 1 1 1 1 0 4
(n=18)
ShigellaC | 0 0 0 0 0 1 0 0 0 0 0 0
(n=1)
Total 1 1 1 1 16 2 1 1 1 1 0 4

Note: MRHA= mannose-resistant haemagglutination MSHA= mannose-sensitive
haemagglutination, Ra = rabbit, Gp = guinea pig, * = the serogroups of Shigella are
listed in Appendix 2.

Table 3. Haemagglutination results of Salmonella spp. (n=25) against six erythrocyte

types
MRHA against erythrocytes of | MSHA against erythrocytes of
Strains of* Human Ra | Gp Human Ra | Gp
A B AB O A B AB O
S. typhi 0 0 0 0 0 0 0 0 0 0 0 0
(n=6) :
Salmonella A} 0 0 0 0 1 0 0 0 0 0 0 0
(n=1)
SalmonellaB | 0 0 0 0 5 0 0 0 0 0 0 0
(n=7)
Salmonella C | 1 1 1 1 5 1 0 0 0 0 0 0
(n=9)
SalmonellaD | 0 0 0 0 2 0 0 0 0 0 0 0
(n=2)
Total 1 1 1 1 13 1 0 0 0 0 0 0

Note: S. typhi = Salmonella typhi, MRHA = mannose-resistant haemagglutination,
MSHA = mannose-sensitive haemagglutination, Ra = rabbit, Gp = guinea pig, * = the

serogroups of Salmonella are listed in Appendix 3.
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4.2. Adhesion to Cultured HEp-2 Epithelial Cells

Strains of Streptococcus pneunioniae, Shigella spp. and Salmonella spp. were tested for
their ability of adherence on cultured HEp-2 epithelial cells, Results were determined after
Giemsa staining and microscopic examination of the epithelial cell monolayers. Majority
of the strains from each group gave positive adherence results while some could not
adhere. Table 4 shows the results of adherence of S. preumoniae strains, Shigella strains,
and Salmonella strains on HEp-2 cells. The organisms in the three groups showed three
patterns of adherence with varying frequencies. In addition, figure 1 shows representative
adherence results of Shigella spp., Salmonella spp. and Streptococcus pneumoniae on

HEp-2 cells photographed from prepared slides.

Table 4. Adherence results of Shigella spp., Salmeonella spp., and Streptococciis
preumoniae 1solates on HEp-2 cells.

Strains of: Results of Adherence Total
LA AA DA NA

S. preumoniae 15 (30%) 17 (34%) 11 (22%) 7 (14%) 50

Shigella spp. 19 (76%) 3(12%) 2 (8%) 1 (4%) 25

Salmonella spp. | 6 (24%) 16 (64%) 3 (12%) 0 (0%) 25

Note: S, prneumoniae = Streptococcus pneumoniae, LA = localized adherence,

AA = aggregative adherence, DA= diffused adherence, NA = no adhesion
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Figure 1. The adherence of Streptococcns prenmoniae, Shigella spp., and Salmounella spp. on HEp-2 cells.
A = uninfected HEp-2 cell monolayer, B= localized adherence (LA) of a Streptococcus pnewmoniae strain,
C = aggregative adherence (AA) of a Streptoceccus pnewmoniae strain, D = diffused adherence (DA) of a
Streptococcus pnewmoniae strain, E = localized adherence (LA) of a Shigella spp., F = aggregative
adherence (AA) of a Shigella spp., G = diffused adherence (DA) of a Shigella spp., H = localized adherence
(LA) of a short bipolar Sakmonella spp., | = aggregative adherence (AA) of a short bipolar Salmonella spp.,
J = diffused adherence (DA) of a short bipolar Salmonella spp.
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4.3. Invasion of HEp-2 Epithelial Cells

Invasiveness of the pathogenic bacteria or their ability to enter human epithelial cells was
measured using cultured HEp-2 epithelial cells, All the strains of Shigella spp. and
Salmonelfla spp. were positive for invasion with variable percentages of bacteria recovered
(invasion percentage). Whereas out the 50 strains of Strepiococcus pneumoniae tested
only 12 were positive for invasion. Table 5 shows descriptive statistics of invasion results

of 8. pneumoniae, Shigelia species and Salmonella species,

Invaston results of Streptococcus pneumoniae strains (invasion percentages) are shown in
figure 2. The minimum invasion percentage is 0.00 % while the maximum invasion
percentage is 2.11%. Figure 3 shows invasion results of the Gram-negative enteric
pathogens, strains of Shigella spp. The results cover a minimum percentage of invasion
1.26% from a sirain to a maximum percentage of invasion 32.93% to another strain,
Figure 4 shows invasion results of the other gram-negative enteric pathogens, Salnmionelia
strains. The maximum percentage of invasion for Salmonella strains is 11.80% and

minimum percentage is 1.30%.

Invasion results for both of the enteric pathogens Shigella spp. and Salmonella spp. are
shown together (Figure 5). The average values of invasion percentages for Shigella spp.
and Salmonella spp. are 8.91% and 5.19% respectively (Table 5). Figure 6 represents
comparison of invasion results for six strains of Sa/monella spp. between 2-hr and 4-hr
intracellular growth incubation period with gentamicin. Figure 7 also represents

comparison of invasion results for six strains of Shigella spp. between 2-hr and 4-hr
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infracellular growth incubation with gentamicin. Figure 8 represents comparison of
invasion results, for 10 strains of Streptococcus prneumoniae, between 2-hr and 4-hr
intracellular growth period with exogenous gentamicin treatment. For the three groups of

bacteria the 2-hr and the 4-hr incubation {ime tests were done at different times.

Table 5. Some descriptive statistics of HEp-2 cells invasion results of the
pathogenic bacteria

Species N | Mean Std. Std. Minimum | Maximum
Inv. % | Deviation | Error Inv. % Inv. %
S. pneumoniae | 50 |0.17 0.44 0.06 0.00 2.11
Shigella spp. 25 8491 7.44 1.49 1.26 32.93
Salmonella Spp. |25 |5.19 2.83 0.57 1.30 11.78
Note: Inv. % = Invasion percentage
S_PNEUMO
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Figure 2. Streptococcus pneumoniae HEp-2 cell invasion result
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5. Discussion

Bacteria that are pathogenic to mammalian hosts adhere to the surface of host cells and
remain extracellularly localized or enter into the cells. On the other hand mutant strains
defective for the synthesis of the microbially encoded adherence factors are either unable
to colonize appropriate host tissues, unable to compete with resident microbial flora, or
attenuated for virulence relative to isogenic wild-type strains (Isbereg, 1991). Here in the
present work strains of Streptococcus pneumoniae, Shigella spp. and Salmonella spp.

showed different adherence ability to cultured HEp-2 cells.

In the case of Streptococcus pneumoniae majority of the strains (86%) adhered to the
HEp-2 cells but some of them could not adhere, The adhered bacteria’s binding is either
strong or weak, This variation in their ability to adhere to the epithelial cells may depend
on both phenotypical and genotypical factors. The extent of adhesion of the bacteria may
also depend on avidity of the interaction between receptors on the epithelial cells and the
bacterial adhesins (Isbereg, 1991). In the natural infection process most pneumococci are
found adhered in the nasophrynx. However, data in this work shows there are seven strains
out of the total fifty strains tested that could not adhere to the cultured HEp-2 cells. One
important factor that can be presumed as a reason for the loss of adherence is
pneumococcal phase variation unless they are mutants. The phase variation is between
opaque and transparent phenotypes. The transparent phenotypes are efficient colonizers
(Weiser ef al., 1994; Cundell er al, 1995a; Gillespie and Balakrishnan, 2000).

Furthermore, it is indicated that transparent variants bind to GlcNAc g 1-3 Gal on
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epithelial cells between 10*- and 10° —fold more efficiently than their opaque counter parts

(Cundell et al., 1995¢).

The data on haemagglutination showed that forty strains of S. pneumoniae were able to
agglutinate erythrocytes from human (A, B, AB, and O blood group), guinea pig, and
rabbit whereas ten strains could not haemagglutinate any one of the erythrocytes. All the
forty strains showed mannose-resistant haemagglutination. In the mannose-resistant
haemagglutination the addition of D-mannose couldn’t inhibit agglutination of the
erythrocytes by S. preumoniae indicating that the haemagglutinis are non pili-1 adhesins.
Isberg (1991) has indicated this concept that a variety of Gram-negative bacteria possess
different pili but Gram-positive bacteria do not have. Here we are uncertain to determine
whether the same factors are involving in haemagglutination and adhesion to HEp-2 cells
because nine of the ten non-haemagglutinating strains were positive for adhesion to HEp-2
cells. Since the haemagglutination and the adhesion assays are done at different times, the
pneumococcal phenotypic phase variation could be implicated as a reason for the
inconsistent results in haemagglutination and adhesion. This condition can also be
correlated to the result that six out of the haemagglutinting strains were negative for

adhesion to HEp-2 cells.

In Shigella spp. isolates the adherence ability to epithelial cells has been shown by their
adhesion to cultured HEp-2 cells. From the 25 isolates tested for adhesion 24 of them were
able to adhere to HEp-2 cells. They adhered either in a localized, aggregative, or diffused
manner over the surfaces of the HEp-2 cells with the majority showing localized

adherence pattern. Only one strain was unable to adhere to HEp-2 cells; however, it had
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the ability to agglutinate rabbit erythrocyte in mannose-resistant manner. The adherence
results showed that the factors involved in the adhesion to HEp-2 cells are non type-1 pili
adhesins because the adherence of the Shigella spp. occurred in the presence of D-

mannose (Sussman, 1985).

On the other hand out of the 24 Shigella spp. that are positive for adhesion to HEp-2 cells
eight strains were unable to agglutinate any of the six erythrocytes. The remaining 16
isolates were positive for haemagglutination with rabbit erythrocyte in mannose-resistant
manner. However, few of them were able to agglutinate human and guinea pig
erythrocytes besides the rabbit erythrocyte also involving in mannose-sensitive
haemagglutination. This condition indicates that the same factors are not involved in the

haemagglutination and adhesion to HEp-2 cells among the Shigella spp. isolates.

In the case of Safmonella spp. isolates all the 25 strains tested are able to adhere to HEp-2
cells. They adhered either in a localized, aggregative, or diffused manner on the surface of
the HEp-2 cells with the majority of them showing the aggregative pattern. All the isolates
adhered to HEp-2 cells in the presence of D-mmannose. This condition shows that the
bacterial adhesins involved are not type-! fimbrial (pili) adhesins (Nichols ef al, 1990).
The haemagglutination results of Salmonella spp. showed that only 13 strains are
agglutinating. These strains could agglutinate rabbit erythrocyte in the mannose-resistant
manner, Howeirer, one of the 13 strains agglutinated human erythrocytes (A, B, AB, and
O blood group) and guinea pig erythrocyte besides the rabbit erythrocyte. The results
observed in haemagglutination and adhesion to HEp-2 cells among the Salmonella spp.

indicate that there are different factors involved.
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The invasion of host cells by 8. preumoniae, Shigella spp. and Salmonella spp. isolated
from patients was measured using cultured HEp-2 cells. All the bacteria were tested by the
same parameter for their invasiveness. In the current study quantitative data for
invasiveness are obtained for each strain tested from the three groups. In the case of
Streptococcus pneumoniae, only 12 out of the total 50 strains are invasive for the cultured
HEp-2 cells. The remaining 38 strains are not invasive. The invasion rates for the 12
invading strains range between 0.04% and 2.11%. These values are percentages of
bacteria survived from the initial inoculum after being exposed to external gentamicin, so
that, the values show the efficiency of the bacteria to enter into the HEp-2 cells. The rates
of invasion obtained are very low indicating the inefficient invasiveness of these

pneuinococci strains (Cundell et al., 1995).

Likewise Cundell et al. (1995b) have characterized the invasiveness of Streptococcus
preumoniae isolates with cultured monolayers of human vascular endothelial cells. The
result obtained from their work was that only 0.1% of the initial pneumococcal inoculum
can be recovered upon exposure to exogenous gentamicicn. These workers used the same
parameter as the one used in this work to measure invasiveness. They have also indicated
that the classically ‘invasive’ bacteria Shiéella spp. and Salmonella spp. have invasion
rates > 2%-3% of the initial inoculum. Hence, it can be shown that Streptococcus
pneumoniae can not be considered invasive for naive (not activated) cultured epithelial
cells as compared to Shigella spp. and Salmonella spp. Geelen et al. (1993) have also
mentioned that pneumococci can not enter resting endothelial cells. On the contrary, these

workers have shown that activation of the cultured epithelial cells by proinflammatory
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cytokines (IL-1 and TNF-a) resulted in the entry of 2%-3% of the pneumococei within 30

minutes.

The 2-hr invasion results were compared using one way ANOVA among the groups of the
organisms. Appendix 4 shows analysis of the significance of variation in invasion results
between Shigella and Salmonella specics. There is significant variation between the
invasion results (P< 0.05). Appendix 5 shows analysis of the significance of variation in
invasion results between Shigella spp. and S. pnewmoniae. There is highly significant
variation between the invasion results (P< 0.001). Appendix 6 shows analysis of the
significance of variation in invasion results between Sa/monella spp. and S. pneumoniae.

There is highly significant variation between the invasion results (P< 0.001).

Furthermore, results of tissue invasion after a 2-hr and 4-hr incubation with gentamicin are
characterized for ten S. pneumoniae strains, As it is shown in fig. 8 the ten strains have
invasion percentages ranging between 0.04% and 1.40% for the 2-hr incubation. However,
after a 4-hr incubation with gentamicin only 2 strains (Sp.387NA and Sp.178NG) were
recovered with mvasion percentages 0.01% and 0.06%, respectively. The remaining eight
strains were not recovered after the 4-hr incubation with gentamicin. The results for the 4-
hr incubation, 0.01% and 0.06%, were significantly lower than the results for the 2-hr
incubation, 0.84% and 1.4%, respectively, for the two strains. These data show the
possibility that increase of incubation time beyond 2 hr may result HEp-2 cells’ membrane
damage, so that, gentamicin may enter into the cells and kill intracellular bacteria. This
condition may occur due to accumulation of the S. prneumoniae factors that damage cell

membranes (Berry ef al., 1999; Gillespie and Balakrishnan, 2000).
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The invasiveness study of Shigella spp. showed that all the tested 25 strains are invasive.
The invasion rates for the strains range between 1.26% and 32.93%. This shows
invasiveness depends on the characteristic of the individual strain because the same inttial
inocutum (107 bacteria/ml) was used to infect cultured HEp-2 cells. From these isolates
only three of them resulted in percentages of invasion below 2.00% with an average value
of 1.61%. Thus these isolates were determined as poorly invasive. The remaining 22
isolates showed invasion rates greater than 2.00% with an average value of invasion
percentages 10.23%. According to Cundell ef al. (1995¢) ¢ invasive’ species such as
Salmonella and Shigella have invasion percentages > 2%-3% of the initial inoculum of
bacteria added to tissue monolayer for invasion. Hence, the 22 Shigella isolates are

determined as invasive from the HEp-2 cell invasion study.

The Salmonella spp. invasiveness study showed that all the 25 isolates are invasive for the
cultured HEp-2 cells. The invasion rates for the isolates range between 1.30% and
11.78%. Three isolates have invasion percentages below 2.00% with an average value of
1.66%. Hence, these three isolates were determined as poorly invasive. The remaining 22
isolates showed invasion percentages greater than 2.00% with an average value 5.68%.
Thus, these isolates were determined as invasive. The Salmonella spp. on the average
showed less invasion rates as compared with Shigella spp., however, invasiveness depends
on the individual strain. Finlay and Falkow (1990) have indicated that Salmonella spp.
invade intestinal epithelial cells and multiply within the cells to a lesser extent than

Shigella spyp.
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For both Shigella spp. and Salmonella spp. isolates invasion characteristics with 2-hr and
4-hr intracellular growth incubation with exogenous gentamicin were assessed. Six
isolates from each group were selecied and compared for the 2-hr and 4-hr incubation
invasion results. The invasion results obtained are not evenly distributed as shown from
the two groups (fig. 6 and fig. 7). As shown in fig. 7 out of the six Shigella spp. tested four
of them decreased their invasion percentages after the 4-hr incubation with gentamicin as
compared to the 2-hr incubation results. While the remaining two isolates showed increase
of percentages of invasion after the 4-lr incubation with gentamicin, The decrease in the
percentage of invasion is significant in some of the strains. For example, a strain
Shig,A.1206 that has 7.18% invasion percentage for the 2-hr incubation resuited 0.33%
after the 4-hr incubation test. Thus, the biological significance of the quantitative data
obtained using the 4-hr incubation with gentamicin wouldn’t be reliable for measure of

invasiveness.

On the other hand out of the six Salmonella spp. tested three of them resulted decreased
invasion percentages after the 4-hr incubation with gentamicin compared with the 2-hr
incubation invasion results (fig. 6). The other three showed increases in the percentages of
invasion after the 4-hr incubation with gentamicin as compated to the 2-hr incubation
invasion results. The increase of invasion percentages after the 4-hr incubation shown by
some of the isolates are possibly due to the replication of the bacteria inside HEp-2 cells
being protected from the gentamicin. On the contrary the intracellular replication of some
fast growing, cytotoxic or virulent strains during the 4-hr incubation may result in damage
of HEp-2 cells and allow entry of gentamicin to kill the intracellular bacteria. Hence, entry

of gentamicin reduces the recovery of viable intracellular bacteria (Douce et al., 1991).
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6. Conclusion

Bacterial adhesion to epithelium of mucosal surfaces is an essential step in the
pathogenesis of many infections including enteric and respiratory tract infections. So that
adhesion to epithelial cells is an important virulence factor, Different adhesion factors of
bacterial pathogens are studied to date. Nevertheless, characterization of such important
factors is difficult in vivo. In this study adhesion of the pathogenic bacterial isolates to

cultured HEp-2 cells has enabled us to characterize their adherence ability.

The S. pneumoniae, Shigella and Salmonella species adherence ability to the cultured
HEp-2 cells was not inhibitable by D-mannose. So that type-1 fimbrial adhesins did not
mediate the adherence of the bacteria. The adhesion of the Shigefia spp. is worth noting in
that there is one isolate non-adherent to the cultured HEp-2 cells which is positive for
haemagglutination and HEp-2 cell invasion. In the case of Streptococcus preumoniae
isolates majority of them, 86% (43/50), are adherent to HEp-2 cells with the remaining
14% (7/50) did not adhere, This characterization of adherence ability has generated the
information to further analyze the S. preumoniae factors that involved in the adhesion to

HEp-2 cells.

Almost all the haemagglutination activities by the bacterial isolates are mannose-resistant
which imply that the haemagglutinins are non type-1 fimbrial adhesins. Association
between agglutination of erythrocytes and adhesion to HEp-2 celis could not be shown in
this study. The observations that some of the bacteria are haemaggiutinating but noi

adherent to HEp-2 cells and the vice versa show the lack of association between
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haemagglutination and adhesion. So that the adherence ability of the pathogenic bacteria

to epithetial cells can not be measured, alternatively, using the six groups of erythrocytes.

The current study has shown the tissue invasion ability of the pathogenic bacteria, using
cultured HEp-2 cells. Ability of the entry of invasive bacteria into human epithelial cells
can be measured by quantifying invasion rates. The condition that bacteria located within
mammalian cells (invasive) are not killed by a variety of aminoglycoside antibiotics and
externally adhered bacteria are killed rapidly has helped to quantify invasiveness. The
quantification of the invasiveness of the Gram-negative bacteria Shigella spp. and
Salmonella spp. has shown that all the isolates are invasive. On the contrary S.
preumoniae isolates are not ‘invasive’ as compared to the Shigella spp. and Saimonella

spp. invasiveness based on the parameter used in this work to measure invasiveness.

37



7. References

Aberra Geyid. (1995). Virulence factors, tissue invasive and iron-acquiring mechanisms in
diarthoeagenic Escherichia coli of Ethiopian infants with acute or persistent
diarrhoea. Ph, D. dissertation. A.A.U, Addis Ababa.

Benyacoub, J., Hopkins, S., Potts, A., Kelly, S., Krachenbuhl, J.-P., Curtiss III, R,, DE
Grandi, P., and Nardelli-Haefliger, D. (1999), The nature of the attenuation of
Salmonella typhimurium strain expressing human papilloma virus type 16 virus-
like particle determines the systemic and the mucosal antibody responses in nasally
immunized mice. nfect. Imm. 67:3674-3679.

Berry, A.M. and Paton, J.C. (1996). Sequence heterogeneity of PsaA, a 37-kilodalton
putative adhesin essential for the virulence of Streptococcus preumoniae. Infect.
Tmm. 64:5255-5262,

Berry, A.M., Ogunniyi, A.D., Miller, D.C,, and Paton, J.C. (1999). Comparative virulence
of Streptococcus pnewmoniae strains with insertion-duplication, point, and deletion
mutations in the pneumolysin gene. fufect. Imm. 67:981-985.

Blum, G., Ott, M., Lischewski, A., Ritter, A,, Imrich, H., Tschiipe, H., and Hacker, J.
(1994). Excision of large DNA regions termed pathogenicity islands from tRNA-
specific loci in the chromosome of an Escherichia coli wild-type pathogen. fufect.
Imm. 62:606-614.

Braun, J.S., Novak, R., Gao, G., Murry, P.J., and Shenep, J.L. (1999). Pneumolysin a
protein toxin of Streptococcus pneumoniae, induces nitric oxide production from

macrophages. fufect. Inun, 67:3750-3756.

58




Brown, J.E., Echeverria, P., and Lindberg, A.A. (1991). Digalactosyl-containing
glycolipids as cell Surface receptors for shiga-toxin of Shigella dysenteriae 1 and
related cytotoxins of Escherichia coli. Rev. Infect. Disea. (Suppl 4). 13:5298-
S303.

Bullen, J.J. (1981). The significance of iron in infection. Rev. Infect. Disea.3:1127-1138.

Canvin, J.R., Marvin,, A.P., Siva Kumaran, M., Paton, J.C., Boulnois, G., Andrew, P.W.,
and Mitchell, T.J. (1995). The role pneumolysin and autolysin in the pathology of
pneumonia and septicemia in mice infected with a type 2 pneumococcus. J. Infect.
Disea. 172:119-123.

Casadevall, A. and Pirofski, L. (1999). Host pathogen interactions: redefining the basic
concepts of virulence and pathogenicity. Infect. mm. 67:3703-3713.

Chen, L.M., Kaniga, K., and Galan, J.E. (1996). Salmonella spp. are cytotoxic for cultured
macrophages. Mole. Microbiol. 21:1101-1115.

Chu, C,, Hong, S.-F., Tsai, C., Lin, W,-S,, Lin, T.-P., and Ou, I.T. (1999). Comparative
physical and genetic maps of the virulence plasmids of Salmonella enterica
serovars typhimurium, enteritidis, choleraesuis, and dublin, Infect. Imm. 67:2611-
2614.

Collazo, C.M. and Galan, J.E. (1996). Requirement for exported proteins in secretion
through the invasion-associated type III system of Salmonella typhimurium. Infect.
Imm. 64:3524-3531.

Coster, T.S., Hoge, C.W., VAN DE Verg, L.L., Hartman, A.B., Oaks, E.V., Venkatesan,
M.M., Cohen, D., Robin, G., Fontaine-Thompson, A., Sansonetti, P.J., and Hale,
T.L. (1999). Vaccination against shigellosis with attenuated Shigella flexinert 2a -

strain SC602. fufect. Imm. 67:3437-3443,

59




Cravioto, A., Tello, A., Navarro, A., Ruiz, J., Villatan, ., Uribe, F., and Eslava, C.
(1991). Association of Escherichia coli HEp-2 adherence patterns with type and
duration of diarrhoea. Lancet. 337:262-264.

Cundell, D.R., Weiser, JN,, Shen, J, Young, A., and Tuomanen, E.I. (1995a).
Relationship between colonial morphology and adherence of Streptococcus
preumoniae. Infect Imm.63:757-761.

Cundell, D.R., Gerard, N.P., Gerard, C., Idanpaan-Heikkila, 1., and Tuomanen, E.I
(1995b). Streptococcus pneumoniae anchor to activated human cells by the
receptor for platelet activating factor. Nature. 377:435-438.

Cundell, D.R., Masure, H.R., and Tuomanen, E.I (1995¢). The molecular basis of
pneumococcal infection: a hypothesis. Clinic. Infect. Disea. (Suppl 3). 21:5204-
S212.

Donohue-Rolfe, A., Acheson, D.W K., and Keusch, G.T. {(1991). Shiga toxin; purification,
structure, and function. Rev. Infect. Disea. (Suppl 4). 13:5293-5297.

Douce, G.R., Amin, LI, and Stephen, J. (1991). Invasion of HEp-2 cells by strains of
Salmonella typhimurium of different virulence in relation to gastroenteritis. J. Med.
Microbiol. 35:349-357.

Duchesne, P., Grenier, D., and Mayrand, D. (1999). Binding and utilization of human
transfferin by Prevotella nigrescence. Infect. Imm. 67:576-580.

Echeverria, P., Sethabutr, O., and Pitarangsi, C. (1991). Microbiology and diagnosis of
infections with Shigella and enteroinvasive Escherichia coli. Rev. Infect. Disea.

(Suppl 4). 13:5220-S225.

60



Eichelberg, K. and Galén, J.E. (1999). Differential regulation of Salmonella typhimurium
type I secreted proteins by pathogenicity island-1 (SPI-1) encoded transcriptional
activators InvF and HilA. Infect. Imm. 67:4099-4105.

Erickson, L.C., Smith, W.S., Biswas, A K., Camarca, M.A., and Waecker, N.J. Jr. (1994).
Streptococcus pneumoniae-induced hemolytic uremic syndrom: a case for early
diagnosis. Pediatr, Nephrol, 8:211-213.

Falkow, S. (1994). Host-parasite relationships. In: Medical Microbiology: An Introduction
to Infectious Diseases. Pp. 141-167. (Ryan, K.J. ed.). Prentice-Hall International
Inc., Englewood Cliffs, New Jersey.,

Falkow, S., Isberg, R.R., and Portony, D. A. (1992). The interaction of bacteria with
mammalian cells, Aunu. Rev. Cell, Biol, 8:333-363,

Finlay, B.B., and Cossart, P. (1997). Exploitation of mammalian host cell function by
bacterial pathogens and the references therein. Science. 276:718-725.

Finlay, B.B. and Falkow, S. (1990). Salmonellae interactions with polarized human
intestinal Caco-2 epithelial cells. J. nfect. Disea. 162:1096-1106.

Galan, J.E. (1996). Molecular genetic bases of Salmonella entry into host cells. Mole.
Microbiol 20:263-271.

Geelen, S., Bhattacharyya, C., and Tuomanen, E.I. (1993). The cell wall mediates
pneumococcal attachment to and cytopathology in human endothelial cells. Znfect.
Imm. 61:1538-1543.

Gewirtz, A.T., Siber, A.M., Madara, J.L., and McCormick, B.A. (1999). Orchestration of
neutrophil movement by intestinal epithelial cells in response to Salmionella
typhimurium can be uncoupled from bacterial internalization. fnfect. Imm. 67:608-

617.

61



Gillespie, S.H., and Balakrishnan, 1. (2000). Pathogenesis of pneumococcal infection. J
Med. Microbiol. 49:1057-1067.

Gillespie, S.H., Mc Hugh, T.D., Ayres, H,, Dickens, A., Efstration, A., and Whiting, G.C.
(1997). Allelic variation in Streptococcus pneumoniae autolysin (N-acetyl
muramoyl-L-alanin amidase). Infect. Imm. 65:3936-3938.

Grund, S. and Stolpe, H. (1992). Adhesion of Salmonella typhimurium var. copenhagen in
the intestine of pigeons. Int. J. Food. Micro. 15:299-306,

Guhatha, K.B., Sasmal, D., and Datta, A. (1992). Adhesion of Shigella dysenteriae type 1
and Shigelia flexineri to guinea-pig colonic epithelial cells in vitro. J Med.
Microbiol. 36:403-405,

Hacker, J., Blum-Oehler, G., MUhldorfer, 1., and Tschipe, H. (1997). Pathogenicity
islands of virulent bacteria: structure, function and impact on microbial evolution.
Mole. Microbiol. 23:1089-1097.

Haque, M.A., Qadri, F., Ohki, K., and Kohashi, O. (1995). Surface components of
shigellae involved in adhesion and haemagglutination. J. Appl. Bacteriol. 79:186-
194.

Hartman, A.B., VAN DE Verg, L.L., and Venkatesan, M.M, (1999). Native and mutant
forins of cholera toxin and heat-labile enterotoxin effectively enhances protective
efficacy of live attenuated and heat killed shigella vaccines. Infect. Imm. 67:5841-
5847.

Henderson, S.C., Bounous, D.I., and Lee, M.D. (1999). Early events in the pathogenesis of
avian salmonellosis. Infect. Imm. 67:3580-3586.

Isberg, R.R. (1991). Discrimination between intracellular uptake and surface adhesion of

bacterial pathogens. Science. 252:934-938,

62




Jacewicz, M., Clausen, H., Nudelman, E., Donohue-Rolfe, A., and Keusch, G.T. (1986).
Pathogenesis of shigellae diarrhea .XI. isolation of a shigellae toxin-binding
glycolipid from rabbit jejunum and HeLa cells and identification as
globotriaosylceramide. J. Exp. Med. 163:1391-1404,

Jakobsen, H., Saeland, E., Gizurarson, S., Schulz, D., and Jénsdéttir, 1. (1999a). Intranasal
immunization with pnewmnococcal polysaccharide conjugate vaccines protects mice
against invasive peumococcal infections. Infect, Imm. 67:4128-4133.

Jakobsen, H., Schulz, D., Pizza, M., Rappuoli, R., and Jénsdottir, I (1999h). Intranasal
immunization with pneumococcal polysaccharide conjugate vaccines with
nontoxic mutants of E. colfi heat-labile enterotoxins as adjuvants protects mice
against invasive pneumococcal infections. Infect. Imm.67:5892-5897,

Johnston, C., Pegues, D.A.,, Hueck, C.J., Lee, C.A,, and Miller, S.I. (1996).
Transcriptional activation of Salmonella typhimurium invasion genes by a member
of phosphorylated response-regulator superfamily. Mole Microbiol. 22:715-727,

Keusch, G.T., Jacewicz, M., Mobassaleh, M., and Donohue-Rolfe, A. (1991). Shiga toxin:
intestinal cell receptors and pathophysiology of enterotoxic effects. Rev. Infect.
Disea. (Suppl 4). 13:8304-S310.

Kim, J.0., Romero-Steiner, S., Serensen, V.B.S., Blom, J., Carvallo, M., Bamard, S.,
Carlone, G., and Weiser, J.N. (1999). Relationship between cell surface
carbohydrates and intrastrain variation on opsonophagocytsis of Streptococcus

pneumoniae. Infect, Imm. 67:2327-2333.

63




Kirikae, T., Nitta, T., Kirikae, F., Suda, Y., Kusumoto, S., Qureshi, N., and Nakano, M.
(1999). Lipopolysaccharide (LPS) or oral-pigmented bacteria induce tumor
necrosis factor production by LPS-refractory C3H/He] macrophages in a way
different from that of Salmonella LPS. Infect. Imm. 67:1736-1742.

Korhonen, T.K. and Finne, J. (1985). Agglutinating assays for detecting bacterial binding
specificities, In: Enterobacterial Surface Antigens: Methods for Molecular
Characterization. Pp. 301-313, (Korhonen, T.K., Dawes, E.A., and Mikeld, P.H.,
eds.). Elsevier Science Publishers, B.V. Amsterdam, Netherlands.

Kostyukova, N.N., Volkova, M.O,, Tvanova, V.V., and Vetnaya, A.S. (1995). A study of
pathogenic factors of Streptococcus pneunioniae strains causing meningitis, FEMS
Immunol, Med. Microbiol. 10:133-137.

Krasan, G.P., Cutter, S.T., Block, S.I., and St Geme III, J.W., (1999). Adhesion expressibn
in matched nasopharyngeal and middle ear isolates of nontypable Haemophiius
influenzae from children with acute otitis media. Infect. Imm. 67:449-454,

Kumazawa, Y., Nakatsuka, M., Takimoto, H., Furuya, T., Nagumo, T., Yamamoto, A.,
Homma, Y., Inada, K., Yoshida, M., Kiso, M., and Hasegawa, A. (1988).
Importance of fatty acid substituents of chemically synthesized lipid A sub unit
analogs in the expression of immunopharmacological activity. Infect. Imm.
56:149-155,

Law, D. (1988). Virulence factors of enteropathogenic E. coli. J. Med. Microbiol, 26:1-10.

Law, D. (1994). Adhesion and its role in the virulence of enteropathogenic Escherichia

coli. Clini. Microbiol. Rev. T:152-173.

64




Lowe, D.C., Savidge, T.C., Pickard, D., Eckmann, L., Kagnoff, M.F., Dougan, G., and
Chatfield, S.N. (1999). Characterization of candidate live oral Salmonella typhi
vaccine strains harboring defined mutations in aroA, aroC, and htrd. Infect. Imm.
67:700-707,

Lugtenberg, B. (1985). Structure and function of outer membrane proteins. In:
Enterobacterial Surface Antigens: Methods for Molecular Characterization. Pp. 3-
16. (Korhonen, T.k. Dawes, E.A., and Mikeld, P.H. eds.). Elsevier Science
Publishers, B.V. Amsterdam, Netherlands,

Medina, E., Paglia, P., Nikolaus, T., Miiller, A., Hensel, M., and Guzméan, C.A. (1999).
Pathogenicity island-2 mutants of Salmonella typhimurium are efficient carriers for
heterologous antigens and enable modulation of immune responses. fnfect. Imin.
67:1093-1099.

Miller, J.F., Mekalanos, J., and Falkow, S. (1989). Coordinate regulation and sensory
transduction in the control of bacterial virulence. Science. 243:916-922.

Mills, D.B., Bajaj, V., and Lee, C.A. (1995). A 40 kilo base chromosomal fragment
encoding Salmonella typhimurium invasion genes is absent from the corresponding -
region of the Escherichia coli K-12 chromosome. Mole. Microbiol. 15:745-759,

Morrow, B.J., Graham, J.E., and Curtiss IIL, R. (1999). Genomic subtractive hybridization
and selective capture of transcribed sequences identify a novel Salmonella
typhimurivm fimbrial operon and putative transcriptional regulators are absent

from the Salmonella typhi genome. Infect Imm. 67:5106-5116.

65



Neeleman, C., Geelen, S.P.M., Aerts, P.C., Daha, M.R., Mollnes, T.E., Roord, J.J.,
Posthuma, G., VAN Dijk, H., and Fleer, A, (1999). Resistance to both complement
activation and phagocytosis in type 3 pneumococci is mediated by the binding of
complement regulatory protein factor H. Infect. Imm. 67:4517-4524,

Nichols, W.A., Clegg, S., and Brown, M.R. (1990). Characterization of the type-1 fimbrial
subunit gene (fimA) of Serratia marcescens. Mole. Microbiol, 4:2119-2126,
Nnalue, N.A, (1999). All accessible epitopes in the Salmonella lipopolysaccharide core

are associated with branch residues. Infect. Imm. 67:998-1003.

Nnalue, N.A., Lind, S.M., and Lindberge, A.A. (1992). The disaccharide L-a-D-heptose
1—4 of the inner core domain of salmonellae lipopolysaccharide is accessible to
antibody and is the epitope of a broadly reactive monoclonal antibody. J. Immuno.
149:2722-2728.

O’ Toole, R.D., Goode, L., and Howe, C. (1971). Neuraminidase activity in bacterial
meningitis. J. Clinic. Invest. 50:979-985.

Okamura, N., Nagai, T., Nakaya, R., Kondo, S., Murakami, M., and Hisatsune, K. (1983).
Hel.a cell invasiveness and o-antigen of Shigella flexineri as separate and
prerequisite attributes of to evoke keratoconjunctivitis in guinea pigs. Infect. Imm.
39:505-513.

Pan, C.G,, Leichter, H.E., and Werlin, S.L. (1995). Hepatocellular injury in Streptococcus
preumonige associated hemolytic uremic syndrome in children. Pediatr. Nephrol.

9:690-693.

66




Parry, S.H. and Rook, D.M. (1985), Adhesins and colonization factors of E. cofi. In: The
Virulence of Escherichia coli: Reviews and Methods. Pp. 79-156. (Sussman, M.,
ed.}. Department of Medical Microbiology, University of New Castle, Upon Tyne,
UK.

Paton, J.C., Rowan-Kelly, B., and Ferrant, A. (1984). Activation of human complement
proteins by the pneumococcal toxin, pneumolysin. Iufect. Imm. 43:1085-1087.

Pfeifer, C.G., Marcus, S.L., Steele-Mortimer, O., Knodler, L.A., and Finlay, B.B. (1999).
Salmonella typhimurium invasion into phagocytic and nonphagocytic cells. Infect.
Imm.67: 5690-5698.

Prasadarao, N.V., Wass, C.A,, Huang, S-H., and Sik Kim, K. (1999). Identification and
characterization of a novel IbelQ binding protein that contributes to E. coli
invasion of brian microvascular endothelial cells. Infect. Imm. 67:1131-1138,

Procyk, K.J., Kovarik, P., VON Gabain, A., and Baccarini, M. (1999). Salnonella
fyphimurium and lipopolysaccharide stimulate extracellularly regulated kinase
activation in macrophages by a mechanism involving phosphatidylinositol 3-
kinase and phospholipase D as novel intermediates. Infect. Imm. 67:1011-1017.

Qadri, F., Haq, S., Hossain, S.A., Cizmar, I, and Tzipori, S. (1991). The association of
haemagglutination and adhesion with lipopolysaccharide of Shigella dysenteriae
serotype 1. J. Med. Microbiol. 34:259-264.

Rayner, C.E.J.,, Jackson, A.D., Rutman, A,, Dewar, A., Mithcell, T.J,, Andrew, P.W.,
Cole, P.J.,, and Wilson, R. (1995). Interacéion of pneumolysin-sufficient and —
deficient isogenic variants of Streptococcus pneunonice with human respiratory

mucosa. Infect. Inm. 63:442-447,

67




Ring, A., Weiser, J.N., and Tuomanen, E.I. (1998). Pneumococcal trafficking across the
blood-brain barrier: molecular analysis of a novel bidirectional pathway. J. Clinic.
Invest. 102:347-360.

Rosenow, C., Ryan, P., Weiser, J.N,, Johnson, S., Fontan, P., Ortquist, A., and Masure,
H.R. (1999). Contribution of novel choline-binding proteins to adherence,
colonization, and immunogenicity of Streptococcus pneumoniae. Mol Microbiol.
25:819-829.

Rubins, J.B., Alter, M., Lock, I., and Janoff, EN. (1999). Determination of antibody
responses of elderly adults to all 23 capsular polysaccharides after pneumococcal
vaccination. /ufect, Imm. 67:5979-5984.

Rubins, J.B., Mitchell, J.J., Andrews, P.W., and Niewochuner, D.E, (1994). Pneumolysin
activates phospholipase A in pulmonary artery endothelial cells. Infect. Imm.
62:3829-3830.

Ryan, K.J. and Falkow, S. (1994a). Streptococci and Enterococci. In: Medical
Microbiology: an Introduction to Infectious Diseases. Pp. 265-283. (Ryan, K.J.
ed.). Prentice-Hall International Inc., Englewood Cliffs, New Jersey.

Ryan, K.J., and Falkow, S, (1994b). Enterobacteriaceae. In: Medical Microbiology: An
Introduction to Infectious Diseases. Pp. 321-344. (Ryan, K.J. ed.). Prentice-Hall
International Inc., Englewood Cliffs, New Jersey.

Sandllin, R.C. and Maurelli, A.T. (1999). Establishment of unipolar localization of IcsA in
Shigella flexineri 2a is not dependent on virulence determinants. Infect. Imm.

67:350-356.

68




Sato, K., Quartey, M.K., Liebeler, C.L., Le, C.T., and Giebink, G.S. (1996). Roles of
autolysin and pneumolysin in middle ear inflammation caused by a type 3
Streptococcus pneumoniae strain in the chinchilla otitis media model. Infect. Imm.
64:1140-1145,

Schuch, R. and Maurelli, A.T. (1997). Virulence plasmid instability in Shigefla flexineri
2a is induced by virulence gene expression. Infect. Imm. 65:3686-3692,

Schuch, R. and Maurelli, A.T. (1999). The Mxi-Spa type III secretory pathway of Shigella
flexineri requires an outer membrane lipoprotein, MxiM, for invasion
translocation. Zifect. fmm. 67:1982-1991.

Sheris, J.C., and Ryan, K.J. (1994). Microorganisms and disease: the offence. In: Medical
Microbiology: An Introduction to Infectious Diseases. Pp. 4-5. (Ryan,K.J. ed).
Prentice-Hall International Inc., Englewood Cliffs, New Jersey.

Siber, G.R. (1994). Pneumococcal diseases: prospects for a new generation of Vaccines.
Science.265:1385-1387.

Smith, H. (1977). Microbial surfaces in relation to pathogenicity. Bacteriol. Rev. 41:475-
500.

Spence, J.M., Chang-Ron, J., and Clark, V.L. (1997}, A proposed role for the lutropin
receptor in contact-inducible gonococcal invasion of HeclB cells. Infect. Imm.
65:3736-3742. |

Sussman, M. (1985). Escherichia coli in human and animal diseases. In: The virulence of
Escherichia coli: Reviews and Methods. Pp. 7-45. Academic Press Inc., Orlando,

Florida.

69



Tartera, C. and Metcalf, BE.S. (1993). Osmolarity and growth phase overlap in regulation
of Salmonella typhi adherence to and invasion of human intestinal cells. Infect.
Inm. 61:3084-3080.

Toumanen, E., Liu, H., Hengstler, B., Zak, O., and Tomasz, A. (1985). The induction of
meningeal inflammation by components of pneumococcal cell wall, J Infect.
Disea. 151:859-868.

Tsolis, R.M., Adams, I..G., Ficht, T.A., and Bdumler, A.J. (1999). Contribution of
Salmonella typhimurium virulence factors to diarrheal diseases in calves. Infect.
Imm. 67:4879-4885.

Tu, A.T., Fulgham, R.L., Mc Crory, M.A., Briles, D.E., and Szalai, A.J. (1999).
Pneumococcal surface protein A inhibits complement activation by Streptococcus
pneumoniae. Infect. Iimm. 67:4720-4724.

Vasselon, T., Mounier, J., Hellio, R., and Sansonetti, P.J. (1992). Movement along actin
filaments of the preijunctional area and de novo polymerization of cellular actin
are required for Shigella flexineri colonization of epithelial Caco-2 cell
monolayers. ufect. Imm. 60:1031-1040.

Vidarsson, G., Jonsdottir, 1., and Valdimarsson, H. (1994). Opsonization and antibodies to
capsular and cell wall polysaccharides of Streptococcus pnewmoniae. J. Infect.
Dieas, 170:592-599,

Walker, T.S. (1998). Bacterial classification, structure, and function. In: Microbiology. P.
160. W.B. Saunders Company, Philadelphia, Pennsylvania.

Watson, D.A. and Musher, D.M. (1990). Interruption of capsule production in
Streptococcus pneumoniae serotype 3 by insertion of transposon Tn 916. Infect.

Imm. 58:3135-3138.

70




Wattiau, P., Woestyn, S., and Comelis, G.R. (1996). Customized secretion chaperons in
pathogenic bacteria. Mofle. Microbiol. 20:255-262.

Way, S.8., Borczuk, A.C., and Goldberg, M.B. (1999). Adaptive immune responses to
Shigella flexineri 2a cydC in immunocompetent mice and mice lacking
immunoglobulin A. fnfect. Imm. 67:2001-2004,

Weiser, J.N. and Kapoor, M. (1999). Effect of intrastrain variation in the amount of
capsular polysaccharide on genetic (ransformation of Streptococcus Pneumoniae:;
implications for virulence studies of encapsulated strains. fnfect. Imm.67:3690-
3692.

Weiser, J.N., Austrian, R., Sreenivasan, P.K., and Masure, H.R, (1994). Phase variation in
pneumococcal opacity: relationship between colonial morphology and
nasopharyngeal colonization, Infect. Imm. 62:2582-2589.

Whatmore, A.M., and Dowson, C.G. (1999). The autolysin-encoding gene (/yt4) of
Streptococcus pneumoniae displays restricted allelic variation despite localized
recombination events with genes of pneumococcal bacteriophage encoding cell
wall Lytic enzymes. fufect. imm. 67:4551-4556.

Wyant, T.L., Tanner, M.K,, and Sztein, M.B. (1999). Safmonella typhi flagella are potent
inducers of proinflammatory cytokine secretion by human monocytes. /nifect. Iinm.
67:3619-3624.

Yuhas, Y., Shulman, L., Weizman, A., Kaminsky, E., Vanichkin, A., and Ashkenazi, S.
(1999). Involvement of tumor necrosis factor alpha and interleukin-1p in
enhancement of pentylenetetrazole-induced seizures caused by Shigella

dysenteriae. Infect. Imm. 67:1455-1460.

ga!




Zierler, M.K., and Galan, J.E. (1995). Contact with cultured epithelial cells stimulates

secretion of Salmonella typhimurium invasion protein Inv]. lufect. Imm. 63:4024-

4028.

72



8. Appendices

Appendix 1. Haemagglutination and HEp-2 cell adhesion results of 50 S. pneumoniae

strains
Strain Strain No. Human red blood cell group Ra-RBC | Gp-RBC | HEp-2
Cell
A B AB 8] Adherence

S. pneumoniae | Sp.191TA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® LA
>> Sp.316NA ) {-) () ) () ) LA

>> Sp.178NG () ) =) (=) () ) AA

>> Sp.110TA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® LA

> Sp.108NA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® LA

> SP.102NA | MRHA® | MRHA®* | MRHA® | MRHA® | MRHA® | MRHA® LA

>> Sp47TA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® LA

> Sp.84TG | MRHA® | MRHA® | MRHA® | MRHA* | MRHA® | MRHA® LA

> Sp.82NG | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® LA

>> Sp.28NA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® AA

> Sp.137NG | MRHA" | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® AA

>> Sp.574NA ) ¢) ) {-) (- () LA

»> Sp.452NA | MRHA® | MRHA® | MRUA® | MRHA® | MRHA® | MRHA® DA’

>> Sp.281TA () ) ) ) ) () AA

> Sp.500TA | MRHA* [ MRHA® | MRHA® | MRHA® | MRHA' | MRHA® LA

f >> Sp.558TA ) (-) ) ) © B DA’
> Sp.35NA -) ) -} ) ) ) LA

>> Sp.60TG MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® DA

> Sp.193TA | MRHA® | MRHA® | MRHA® | MRHA" | MRIIA® | MRHA® AA

> Sp.I8NA | MRHA® | MRHA® | MRHA® | MRHA® | MRIIA® | MRIA® AA

>> Sp.144TG ) ) ) ) ) MRHA® AA

> Sp.109NG ) ) {-) (-) (-) MRHAS DA’

> Sp.63NG | MRHA® | MRHA® | MRHA® [ MRHA® | MRHA® | MRHA? NA

> Sp.83NA | MRHA' | MRHA® | MRHA® | MRHA® | MRHA' | MRHA® AA

> Sp.79NA () ) ) (-) () MRHA® DA’

>> Sp.1G2NG | MRHA® | MRHA' | MRHA® | MRHA® | MRIIA* | MRHA? NA
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Appendix 1. Haemﬁgglutination and HEp-2 cell adhesion results of 50 S. pneumoniae

strains
Strain Strain No. Human red blood cell group Ra-RBC | Gp-RBC | HEp-2
Cell
. A B AB O Adherence
S. prewmoniae | Sp.191TA | MRHA®* | MRHA® | MRHA® | MRHA® | MRHA* | MRHA® LA
>> Sp.316NA ¢ ) ) on - ) LA
>> Sp.178NG ) ) ) ) - () Q] AA
>> Sp.110TA | MRHA® | MRHA" | MRHA® | MRHA® | MRHA* | MRHA® LA
>> Sp.10SNA | MRHA® | MRHA® | M .4A" | MRHA' | MRHA* | MRHA® LA
>> :’.SP.IOZNA . M_RHA’ MRHA® | MKHA® | MRHA* | MRHA? | MHA? LA
> Sp.47TA MRHA' | MRHA® | MRHA® | MRHA® | MRHA® | MRHA? LA
> Sp.B4TG MRHA* | MRHA® | MRHA® V MRHA* | MRHA* | MRHA® LA
>> Sp.82NG | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® LA
>> Sp.28NA MRHA* | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® AA
> Sp.137NG | MRHA* | MRHA®* | MRHA® M.RHAa MRHA® | MRHA® AA
>> SpSTANA | () &) ) 8 O ) LA
>> Spd52NA | MRHA* | MRHA® | MRHA® | MRHA®* | MRHA®* | MRHA® DA
> Sp.281TA ) ) ) ) -) () AA
>> Sp.500TA | MRHA® MRHA? MRHA* | MRHA® MRHA® MRHA® l LA
>> SpSSSTA | () O 0 o © O DA’
>> Sp.35NA 8 O O 8 ) ) LA
>> Sp.60TG MRHA® | MRHA® | MRHA® | MRHA® | MRHA®? MRHA® DA
> Sp.193TA MRHA® | MRHA® | MRHA* { MRHA® | MRHA® MRHA® AA
>> Sp.I8NA MRHA® | MRHA® | MRHA®* | MRHA® | MRHA* | MRHA® AA
>> Sp.144TG ) ) ) () {-) MRHA® AA
> Sp.109NG ) ) ) () ) MRHA® DA’
>> Sp.63NG MRHA® | MRHA® | MRHA® | MRHA® {| MRHA® MRHA® NA
>> Sp.83NA MRHA® | MRHA* | MRHA®* | MRHA® | MRHA® MRHA® AA
>> Sp.79NA ) ) ) ) ) MRHA® DA’
>> Sp.162NG | MRHA* | MRHA® | MRHA® | MRHA® { MRHA® | MRHA’ NA
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Appendix 1. (Continued)

S. pnewmoniae ‘| Sp.325NA | MRHA® | MRHA® | MRHA®* | MRHA® | MRHA® | MRHA® NA
>> Sp.85NG MRHA® | MRHA® | MRHA® { MRHA* | MRHA? | MRHA? DA
>> “Sp.i95NA | MRHA® | MRIA® | MRHA® | MRUA® | MRHA? | MRHA AA
>> Sp.125NA | MRHA® | MRHA* | MRHA® | MRHA* | MRHA® | MRHA’ AA
>> Sp.3INA | MRHA® | MRHA® | MRHA® | MRHA®* | MRHA* | MRHA® AA
> Sp.56NA ) ) MRHA® | MRHA® | MRHA® | MRHA® AA
>> Sp.504NA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHAS LA
>> Sp.387NA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® AA
>> Sp.683NA | MRHA® | MRHA® | MRHA* | MRHA® | MRHA* | MRHA® DA
>> Sp.146NG ) e ) ¢ ) ) DA’

T oe» Sp.S12NA ) () A 8 MRHA® | MRHA® LA
>> Sp.100NA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA’ NA
o> Spad3l. | MRHA® | MRHA® | MRHA | MRHA® | MRHA® MRIZA . NA
>> SpISING | () 8 0 O O 0 NA
>> Sp.14ING | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® NA
>> Sp.143TG | MRHA® | MRHA* | MRHA® | MRHA® | MRHA® | MRHA® LA
. Sp.182TA ) ) ) - ¢ ) AA
>> Sp.29NA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® DA’
>> Sp.335TA | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® AA
>> Sp.494NG | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® | MRHA® AA
>> Sp.128NA | MRHA® | MRHA® | MRHA® | MRHA* | MRHA® | MRHA® DA’
>> Sp.172NA { MRHA® | MRHA® { MRHA® | MRHA® | MRHA® | MRIA® AA
>> Sp.126TG { MRHA® | MRHA® | MRHA* | MRHA® | MRHA® | MRHA® DA’
>> Sp.188NA ) Q] ) ) ) () LA

NOTE: MRHA= mannose-resistant hacmagglutination, a= strong {+++) haemagglutination, b= moderate

(++} haemagglutination, ¢= weak (+} haemagglutination, {-)= no haemagglutination, LA= localized

adherence, AA= aggregative adherence, DA= diffused adherence, NA= no adhesion, ¥= weak adherence,

Ra-RBC= rabbit red blood cell, Gp-RBC= guinea-pig

pHCHNlOHfﬂ'(.’
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Appendix 2, .Haemagglutinatibn and HEp-2 cell adhesion results of 25 Shigella strains

‘Strair;s Strain Na. Human red blood cell group Ra-RBC | Gp-RBC | HEp-2 cell
) A B AB G adherence .
Shigella A | Shig.1206 ) [8) ) O MRHA® 8 LA
,émgeua A | shig.1222 &) ©) ) &) MRHA® ) LA’
Shigella A | Shig.1225 ) ) &) © ) ) LA
Shigella A | Shig.1214 ) ) () 8! MRHA® ) AA
Shigella A | Shig.1207 ) 8] &) ) O B LA
Shigella A | Shig.1223 ) ) 8} ) ) ) LA
Shigella B | Shig.2 [8) S ) ) MRHA® ) LA
Shigefla B | Shig.1177 ) ) [6) &) MRHA® &) LA
Shigella = | Shig.1198 | MRHA® | MRHF ~ MRHA® | MRHA® | MRHA? | MRHA® LA
Shigella B | Shig.1202 ¢ S 8! O MRHA* ) LA
Shigella B | Shig.3 ) ) ¢ ) MRHA® | MSHA® DA’
Shigelia B | Shig.13 S 8 8 ) MRHA® | MSHA* LA
Shigella B | Shig.1169 ) 8] &) S MRHA® | MSHA® LA
Shigella B | Shig.7 ) ) ) ) MRHA" ) DA
Shigella B | Shig.1208 ) © “ S MRHA® ) AA
Si}fgena B | Shig.1186 ) ) “) ) MRHA? ) LA
Shigella B | Shig.1199 ) ) ) O] - ) LA
Shigella B | Shig.1175 ) ) ) ) MRHA® ) LA
Shigeila B | Shig.1200 &) ) ) ) 8] ) LA
Shigella B | Shig.1212 {-} {-) -} {-} .G ) LA
Shigella B { Shig.1205 ) S 'S ) 8] 8 LA
Shigella B | Shig.1185 ) ) ) ) MRHA® | - () LA
Shigella B | Shig.1173 ) () 6 ) ) S LA
Shigella B | Shig.15 MSHA® | MSHA® | MSHA® | MSHA® | MRHA® | MSHA® AA
Shigella C | Shig.1176 ) ) ) 8 ) MRHA" NA

NOTE: MRHA= mannose-resistant haemaggfutination, MSHA= mannose-sensitive haemaggiutination, a=
strong  haemagglutination, b= moderate haemagglutination, C= weak haemagglutination, (-)= no
haemagglutination, LA= localized adherence, AA= aggregative adherence, DA= diffused adherence, NA=

no adhesion, *= weak adherence, Ra-RBC= rabbit red blood cell, Gp-RBC= puinea-pig red blood cell
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Appendix 3.

Haemagglutination and HEp-2 cell adhesion results of 25 Salmonella strains

Strains Strain Hm;uan red blood cell group Ra-RBC | Gp-RBC | HEp-2 cell
‘Na, A B AR 0 adherence
S. typht Sal 224 () ) ) O ) ) AA
S. typhi Sal.236 ) ) - O ) ) AA
‘ i typhi Sal.222 Q] ) ) -} ) ) AA
S. typlii Sal.250 () ) ) ) -} ) AA
S. ophi Sal206 | () 0 o @ 0 8 DA’
S. typhi Sal.238 ) Q) ) () ¢} () LA
Salmonella A | $al.170 -) -} ) ) MRHA® - AA
Salmonella B | Sal.239 () -) -} ) MRHA® ) AA
Salmonella B | 8al.200 -} ) Q) ) ) ) LA
Salmonella B | Sal.264 {-) ) -} (- MRHA® (-) DA
SalmonellaB | Sal.168 - ( ) ) &) MRHA® | - (2 L,
Salmonella B | Sal211 | (3 ) ) - ) ) AA
| Satmonella B | Sal.230 ) ) -} ¢ MRHA® ) DA
Salmonella B | Sal.229 {-) ) ¢) - MRHA" ) AA
Salmonella Cy | Sal.262 ) () ) ) ) ) LA
Salmonella C; | Sal.234 {-) ) -) ) ) (- AA
Salmonella C, | Sal.248 () ) o ) MRHA® ¢ AA
Salmonella Cy | Sal.254 -} ) ) -) -) (-} AA
Salmonella C, | Sal.237 ) ¢ ¢ ) MRHA® (-) AA.
| Salmonelia C; | Sal.259 | MRHAY | MRIA® | MRIA® | MRHAY | MRHA® | MRHA? AA
Salmonella C; | Sal.161 () ) ) ¢ MRHA® ) AA
Salmonella C; | Sal.269 {-) - ) () Q) (=) LA
Salmonella C, | Sal244 | (-) @) ) ) MRHA” ) AA
Salmonella D | Sal213 {-) ) {-} -) MRHA® ) LA
Salmonella D | Sal 240 ) ) (-) ) MRHA® ) AA

NOTE: MRHA= mannose-resistant haernagglutination, a= strong haemagglutination, b= moderate

haemagglutination, ¢= weak haemagglutination, {-}= no hacmagglutination, LA= localized adherence, AA=

aggregative adherence, DA= diffused adherence, *=weak adherence, S. typhi= Sahnonella typhi
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Appendix 4. One way ANOVA test between invasion results of Shigella and

Salmonella spp.
Test df Mean square F Sig. (P-value)*
Between group 1 172.42 5.45 0.024
Within group 48 31.66

Note: *= invasion results compared between the two groups (P< 0.05)

Appendix 5. One way ANOVA test between invasion results of §. prneumoniae and

Shigella spp.

Test df Mean square F Sig. (P-value)*
Between group 1 1274.82 69.62 0.00
Within group 73 18.31

Note: *= invasion results compared between the two groups (£< 0,001)

Appendix 6. One way ANOVA test between invasion results of §. prenmoniae and

Salmonella spp.
Test df Mean square F
Sig. (P-value)*
Between group 1 421.98 152.49 0.00
Within group 73 2,77

Note: *= invasion results compared between the two groups (P< 0.001)

T




Declaration

I, the undersigned, declare that this thesis is my own work and it has not been presented in

other Institutions for a similar degree or other purpose,

TEFERI ESHETU July 2, 2001

Name Date Siinature

78




ADDIS ABABA UNIVERSITY
SCHOOL OF GRADUATE STUDIES

CHARACTERIZATION OF ADHESION AND INVASION
VIRULENCE FACTORS IN STREPTOCOCCUS PNEUMONIAE,
SHIGELLA, AND SALMONELLA SPECIES ISOLATED FROM
ETHIOPIAN PATIENTS

By

TEFERI ESHETU

ADDIS ABABA, ETHIOPIA

JUNE, 2001




