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ABSTRACT

INVESTIGATION OF BACTERIAL INFECTION STRATEGIES
THROUGH BACTERIA-HUMAN PROTEIN-PROTEIN
INTERACTIONS BY BIOINFORMATICS APPROACHES

Infectious diseases, which have been a serious threat for human life in ancient times,
is still leading the causes of death and disability worldwide. Pathogens (viruses, bacteria,
protozoa, fungi, etc.) express a wide range of molecules that bind to host cell targets to
manipulate human mechanisms for their own advantage, and result in infection in the host
organism. Well characterization of these interspecies (pathogen-human) interactions is
required for a complete understanding of pathogenesis. The key point of fighting with
infectious diseases is the identification and characterization of the strategies used by these
pathogens to interact with the host, as these strategies are usually unique to specific
pathogens or conserved across several different species. Within the framework of this
project, bacterial infection mechanisms are investigated through bacteria-human protein-
protein interactions. The targeted human proteins with specific properties different from
the non-targeted ones are analyzed to enlighten several infection mechanisms. Gene
Ontology enrichments of targeted human proteins are investigated; that is, all three GO
terms are examined to identify the terms having significant association with each human
protein set studied. In addition to GO terms, Kegg pathways, transcription factor targets
and pathway commons of the targeted human proteins are identified. A thorough
bioinformatic based analysis of bacteria-human protein interaction network is still missing
in the literature. This study is the first attempt to comprehensively investigate bacterial
infection strategies through bacteria-human protein-protein interactions. Common and
specific infection strategies of different types of bacteria are identified, contributing to the
novelty of the present research work.
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OZET

BAKTERIYEL ENFEKSIYON STRATEJILERININ BAKTERI-INSAN
PROTEIN-PROTEIN ETKILESIMLERI KULLANILARAK
BiYOINFORMATIK ARACLAR iLE INCELENMESI

Eski caglarda insan yasami i¢in ciddi tehdit olusturan enfeksiyoz hastaliklar,
giinlimiizde de ¢ok sayida oliime ve sakatliga sebep olmaktadirlar. Cesitli patojen
molekiilleri insan proteinleri ile etkileserek, insanin hiicresel mekanizmalarini patojenin
kendi yararina kullanmasina izin verdirerek enfeksiyona neden olurlar. Tiirler arasi
(patojen-insan) bu etkilesimlerin detayli aydinlatilmasi patojenezi biitiiniiyle anlamak igin
gereklidir. Enfeksiy6z hastaliklarla miicadelede kilit nokta patojenler tarafindan konak ile
etkilesime gecmek icin kullanilan stratejilerin (genellikle belirli patojenlere ortak ya da
farkl: tiirlere 0zgii) tanimlanmasi ve ¢oziimlenmesidir. Bu ¢alisma ¢ergevesinde, bakteri-
insan protein-protein etkilesimleri yoluyla bakteriyel enfeksiyon mekanizmalarinin ortaya
cikarilmas1 amaglanmistir. Hedeflenmeyen proteinlerden farkli belirli 6zelliklere sahip
olan ve hedef alman insan proteinlerinin 6zelliklerinin incelenerek yeni arastirma
olanaklarina onciiliik etmesi beklenmektedir. Calisilan her insan protein seti ile istatistiksel
olarak anlamli ve onemli iliskisi bulunan terimleri belirlemek igin tiim gen ontolojisi
terimleri taranmistir. Gen ontoloji terimlerinin yanisira, hedeflenen insan proteinlerinin
Kegg izyollari, transkripsiyon faktor hedefleri ve ortak izyollari incelenmistir. Bakteri-
insan protein etkilesim agyapilarinin biyoinformatik tabanli kapsamli bir analizi literatiirde
henliz mevcut degildir. Bu tez, bakteri-insan protein-protein etkilesimleri sayesinde
bakteriyel enfeksiyon stratejilerinin ortaya ¢ikarilmasinda en genis kapsamli ¢aligmalardan
biri olmustur. Bakteri-konak protein-protein etkilesim verilerinin toplanarak ve incelenerek
degisik bakteri tiirlerinin ortak ve farkli olan enfeksiyon stratejilerinin arastirilmis olmasi,

bu ¢alismanin 6zgiin degerini olusturmaktadir.
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1. INTRODUCTION

Since ancient times, even in today’s modern world, pathogenic organisms remain to
be the source of mortality. According to World Health Organization, more than 20% of
total deaths in the world are because of the infectious diseases. However, with the
developing technology, the amount of annual infectious disease deaths is aimed to drop
over the next 20 years (WHO, 2012). The continual evolution of emerging and reemerging
diseases remains a dominant feature of domestic and international public health
considerations in the 21st century (Fauci, 2001). Infectious microorganisms, pathogens
(viruses, bacteria, fungi, etc.), cause diseases by physical interactions with human proteins.
Well characterization of these interspecies (pathogen-human) interactions is required for a
complete understanding of pathogenesis. Pathogenic microorganisms interact with human
proteins on the surface of the human cell or within the interior of the human cell to
manipulate cellular mechanisms in order to use the host cell’s functions to their own

advantage. This results in diseases in host organisms.

The advances in high-throughput protein interaction detection methods have enabled
the collection of large-scale data on pathogen-host protein-protein interactions (PHIs). In
recent years virus-based infections (Calderwood et al., 2007; de Chassey et al., 2008;
Shapira et al., 2009; Jager et al., 2012; Durmus Tekir et al., 2012) were mainly focused as
data for other pathogenic organisms are insufficient. A thorough analysis of bacterial
infection mechanisms is still missing. PHI data of bacteria-human systems and the related
studies have been very rare up to nowadays, however recent experimental studies have
provided enough bacterial PHIs in order to obtain statistically meaningful results, favoring
a good opportunity to present the current picture of pathogenesis of bacterial infections.
The first high-throughput experimental study producing bacterial PHI data between
bacterial pathogens and their human hosts was revealed in 2010 by Dyer and coworkers.

In the scope of this thesis, up-to-date PHI data obtained from PHISTO are studied
with a specific focus on bacterial infections of human. The purpose is to provide initial
insights on bacterial infection mechanisms. The targeted human proteins are investigated

thoroughly in terms of their Gene Ontology annotations (biological process, molecular



function, and cellular component), Kegg pathways, pathway commons and transcription
factor targets to be able to figure out mechanisms in human attacked by bacterial pathogen.
Special attention is paid to the human proteins that are targeted by 3 bacterial families
which are Enterobacteraceae, Bacillaceae and Francisellaceae as they have large-scale
data available.

The second chapter of this thesis, entitled as “Background Aspects” summarizes the
fundamental information about bacteria, human immune system and the efforts about host-
pathogen interactions. The next chapter gives details about how the analysis were done.
The fourth chapter focuses on the results of the analysis on interactions between human
proteins and bacteria proteins. The last chapter includes the main conclusions about this
study along with the contributions to the research and the recommendations for future

work.



2. BACKGROUND ASPECTS

2.1. Bacteria

2.1.1. Evolution of Bacterial Science

Nothing is known about the origin of bacteria, but because of their relative structural
simplicity, it seems likely that they preceded the eukaryotic forms in the process of
evolution. Anton van Leeuwenhoek was the first person to see bacteria. He first observed
bacteria through his single-lens microscope in 1674. During his lifetime he made more
than 250 microscopes consisting of home ground lenses mounted in brass and silver plates.
His greatest discovery was in 1675 when he saw bacteria, fungi and many protozoa in rain
water. He called them “animalcules”. Leeuwenhoek sent a report of his sightings of
bacteria and algae to the Royal Society in London. For his contributions, he was honoured
as Father of Microbiology (Porter, 1976).

In 1850s, Louis Pasteur demonstrated that the fermentation process was caused by
the growth of microorganisms or bacteria. Pasteur discovered the process of pasteurization,
killing bacteria by heating. He coined the term vaccine. He invented a number of vaccines
including the one against rabies. He also studied the bacterium that causes fowl cholera
(Barnett, 2003).

In 1876, Robert Koch showed that bacteria can cause disease for the first time. This
was followed by Robert Koch’s experiments on bacteria as a source of disease, specifically
the anthrax bacillus, for which he won the Nobel Prize in 1905. He introduced staining
techniques and also methods of obtaining bacteria in pure culture using solid media. He
discovered bacillus tuberculosis in 1882 and Vibrio cholera in 1883 (Sakula, 1983). In the
19th century, to identify pathogens that could be isolated with the techniques of the day,
Koch's postulates were formulated by Robert Koch and Friedrich Loeffler as follows: the
microbe must be present in every case of the disease, the organism must be grown in a pure
culture from diseased hosts, the same disease must be produced when a pure culture of the

organism is introduced into a susceptible host, and the organism must be recovered from



the experimentally infected host (Walker et al., 2006). After Koch discovered Vibrio
Cholera, the german medical scientist Paul Ehrlich developed the first theory concerning
how bacteria cause diseases and how the immune system fights these micro-organisms in
1880s (Ehrlich, 2013).

A young Dutch pathologist Wakker, working on the so-called yellow disease of
hyacinth, between the years of 1883-89 proved that it was caused by bacteria. He found
bacteria abundantly in the diseased tissues and he was able to incite the disease
consistently by direct inoculation (Van Eijk et al., 1976). In early 1900s a Russian
immunologist Dr. Eli Metchnikoff suggested that a synergistic interaction exists between
bacteria and their host, known as phagocytosis later (Cavaillon, 2011). In 1874, a
Norwegian physician Hansen described leprosy bacillus and identified bacterium
Mycobacterium leprae as the causative agent of leprosy (Irgens, 2002). In 1881, a Scottish
surgeon Ogston discovered staphylococcus (Elek, 1959). During 1880s, Loeffler described
the diphtheria bacillus and its isolation in pure culture, and proved its relationship to the

disease diphtheria (Pappenheimer et al., 1984).

A century ago, Hans Christian Gram developed a staining procedure which enabled
the separation of most commonly encountered bacteria into two groups: gram positive and
gram negative (Buck, 1982). It has been found that some organisms retain the violet stain
and others are readily decolorized by the alcohol and take the counterstain. Those that
retain the first stain are spoken of as Gram-positive organisms; whereas those that fail to
retain the primary stain but take the counter-stain are called Gram-negative organisms
(Salle, 1996).

An American microbiologist and biophysicist Carl Woese was interested in genetic
code in evolutionary terms. When he first set forth the three-domain classification of life,
he proposed the names "Archaebacteria” and "Eubacteria” for the two prokaryotic
domains. These were replaced with the names "Archaea™ and "Bacteria” in Woese et al.
(1990). The taxonomic name "Bacteria” refers only to the eubacteria. The informal name
"bacteria" is occasionally used loosely in the literature to refer to all of the prokaryotes,

and care should be taken to interpret its meaning in any particular context.



2.1.2. Bacterial Cell Structure

Bacterial cells occur in all sorts of different shapes and sizes depending on the kind
of organism and on the way in which it has been grown, but for many purposes it is
possible to disregard these variations and to consider the common properties of the
‘general bacterial cell’ (Figure 2.1) (Mann, 1996). When unstained, most bacteria are
transparent, colorless and apparently homogeneous bodies (Hiss et al., 1928). The
hereditary material (DNA) is embedded in the cytoplasm which, surrounded by the cell
membrane, is called the protoplast. Within the rigid cell wall of a typical bacterial cell is a
protoplast consisting of nuclear body, cytoplasm and cell-membrane and in the cytoplasm
probably containing various structures and non-living inclusions. Outside the protoplast
lies the cell wall. (Hawker et al., 1968). It is of complex chemical composition, consistig of
proteins, polysaccharides and sometimes lipids. Many bacterial cells are surrounded by a
gummy mass called the capsule which is the extracellular coating. Capsule production is
one of the major virulence factors utilised by bacteria to evade clearance from an infectious
site. Specifically, the capsule provides bacteria with protection from the host immune
response as well as antibiotics. The capsule protects bacteria from phagocytosis by not
allowing opsonising antibodies to be recognised by phagocytic host defence cells (Wilson
etal., 2001).
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Figure 2.1. Cell Structure of a Bacteria (Mann, 1996).



Bacteria are widely distributed, occuring nearly everywhere. Some species are
essential for the maintenance of life through their ability to break down plant and animal
remains, others parasitize living plants and animals and in some instances cause serious
disease by interference with normal form and function. They are found in all soils and
moisturous places. Although they occur in air, it is not their natural home, as under
ordinary conditions they can not grow and multiply in it. There are typically 40 million
bacterial cells in a gram of soil and a million bacterial cells in a millilitre of fresh water.
There are approximately 5x10% bacteria on Earth, forming a biomass which exceeds that
of all plants and animals (Goel, 2014). They are found on the surface but not on the inside
of undamaged fruit and vegetables. All food, except that recently cooked, contains
bacteria, the number and kind varying with the nature and the age of the food. Also they
can be expected to be found on the surface of the skin and mucous membranes. When
unstained, most bacteria are transparent, colorless and apparently homogeneous bodies.
(Hiss et al., 1928).

2.1.3. Types of Bacteria

Many different characteristics are used in classifying and identifying bacteria (Table
2.1). These include general tests that are applied for virtually all bacteria, and very
specialized tests that are used to identify specific bacteria strains. However there has been
some difficulties in classification of bacteria. First of all, the small, simple structure of
these microorganisms makes it tough to work out a satisfactory classification. Secondly,
even in our modern world man’s knowledge of the characters of the bacteria is limited
(Greaves et al., 1946).

Bacterial species have long been classified on the basis of their characteristic cell
shapes (Figure 2.2). They are described as cocci if the cells are spherical and as rods if the
cells are shaped like cylinders. Other shapes include curved rods, spirals and others. The
arrangement pattern of the cells is also an important characteristic that distinguishes one
type from other. For example, in Escherichia coli, the cells occur singly whereas other

species have cells that occur as pairs, tetrads, chains or irregular clusters (Atlas, 1995).



Table 2.1. Examples of bacterial classification according to their different characteristics

(Atlas, 1995).

Criterion

Example

Morphology

Cell shape, cell size, arrangement of flagella, capsule, endospores

Staining reactions

Gram stain, acid-fast stain

Growth and nutritional

characteristics

Appearance in liquid culture, colonial morphology, pigmentation,
energy sources, carbon sources, fermentation products, modes of
metabolism (autotrophic, heterotrophic, fermentative, respiratory)

Biochemical

characteristics

Cell wall constituents, pigment biochemicals, storage inclusions,

antigens, RNA molecules

Physiological and

ecological characteristics

Temperature range and optimum, oxygen relationships, pH tolerance

range, osmotic tolerance, salt requirement, antibiotic sensitivity

Genetic characteristics

DNA mole % G + C, DNA hybridization

Staining reactions are used to characterize the bacteria. The gram stain procedure is

the most widely used differential staining procedure in today's world. By the specific

chemical composition of the cell wall, gram staining reaction is determined. Gram positive

bacteria stain blue-purple by the gram staining procedure, whereas gram negative bacteria

stain pink-red colored. Examples of gram positive and gram negative bacteria are shown in

the Figure 2.3.
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Figure 2.2. Bacterial Shapes.




Additionally, bacteria can be classified according to their relationship with oxygen.
These are specified as aerobic bacteria and anaerobic bacteria. Aerobics are able to use
oxygen, whereas anaerobic bacteria can sustain itself without the presence of oxygen.
Moreover, genetic characteristics are employed in modern classification systems. In some
clinical tests, species are identified using DNA hybridization. (Schaechter et al., 2006;
Atlas, 1995).

Bacteria

Gram-positive Gram-negative

bacteria bacteria
*Bacillaceae *Aeromonadaceae
*Clostridiaceae *Camplyobacteraceae
sListeriaceae *Chylamydiceae
*Peptostreptococcaceae *Enterobacteriaceae
*Staphylococcacea *Francisellaceae
*Streptococcaceae *Helicabacteraceae

*Legionellaceae
*Moraxellaceae
*Mycoplasmataceae
*Neisseriaceae
*Pseudomonadaceae
*Vibrionaceae

Figure 2.3. Types of Bacterial Families according to their Gram Staining Characteristics.

2.1.4. Bacterial Infections

The human body has an extensive population of microogranisms on the skin and the
mucous membranes lining the mouth, gut, excretory, and reproductive system. These
microorganisms are often beneficial and sometimes necessary to maintain good health.

However, another group of microorganisms, such as bacteria, use direct and indirect means



to colonize, invade, and damage the human body, leading to infectious diseases (Madigan
et al., 2006).

Infectious diseases which cause about 14 million human deaths annually, are caused
by six types of pathogens: extracellular bacteria, intracellular bacteria, viruses, parasites,
fungi and prions. Infection occurs when an organism successfully avoids innate defense
and colonizes a niche in the body. What follows is a biological “horse race” in which the
pathogen tries to replicate and expand its niche, while the immune system tries to eliminate
the pathogen. Only if the replication of the pathogen causes detectable clinical damage,
then the host experiences “disease”. Microbial toxins released by pathogen can cause

disease even in the absence of widespread colonization (Saunders et al., 2011). Infections

and their bacterial pathogens with their mortality rates are shown in the Table 2.2.

Table 2.2. The infections caused by bacterial pathogens.

Bacterial Families

Infectious

diseases

Overall Mortality

Rates

Reference

Bacillaceae

Anthrax, food
poisoning

Anthrax: 20%

Valcheva-Komitska et
al., 2007; WHO, 2012

Clostridiaceae

Gastro-intestinal
disease, botulism,

tetanus

Botulism: 5-10%
Tetanus: 11%

DeFranco et al., 2007;
CDC, 1991

Listeriaceae

Food poiosoning,

Listeriosis

Listeriosis: 20 %

DeFranco et al., 2007;
Fitzpatrick et al., 2008.

Peptostreptococcaceae

Respiratory tract,

Respiratory tract:6.9

Finegold, 1977;

intra-abdominal % Brook, 2007;

and subcutaneous Beaglehole et al., 2004;

infections WHO, 2004.
Staphylococcacea Severe skin, Wound infection: | DeFranco et al., 2007;

wound infection | 30% Wyllie et al., 2006.

Streptococcaceae

Pneumonia,
scarlet fever,

pharyngitis

Pneumonia: 18%

Scarlet fever: 1 %

DeFranco et al., 2007;
American Academy of
Pediatrics, 2009.
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Table 2.2. The infections caused by bacterial pathogens (cont.)

Bacterial Families Infectious diseases | Overall Mortality Reference
Rates
Aeromonadaceae Gastroenteritis and | Gastroenteritis: 1.4 | Abbott et al., 2010;
bacterial septicemia | million Elliott, 2007.
Campylobacteraceae | Gastroenteritis, Diarrhea: 15% | Humphrey et al.,
diarrhea and (under the age 5) 2007,
periodontitis Jassim et al., 2011;
WHO, 2009
Chylamydiceae Blindness, Not available Ryan et al., 2004.

Trachoma, sterility

Enterobacteriaceae

Bacteremia, lower
respiratory tract
infections, skin and
soft tissue
infections, urinary
tract infections,
endocarditis, intra-
abdominal
infections, septic
arthritis,
osteomyelitis, and
ophthalmic

infections

Enterobacteriaceae
related diseases:

40% to 50%

CDC, 2013;
Fraser et al., 2014.

Francisellaceae

Tularemia

15%

Penn, 2005;
CFSPH, 20009.

Helicabacteraceae

Chronic gastritis,
gastric cancer and

gastric ulcers

Gastric cancer: 8.8%

Shiotani et al., 2002;
Ferlay et al., 2013.

Legionellaceae

Legionellosis

5%-30%

Palusinska-Szysz et
al., 2009;
CDC, 2013.
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Table 2.2. The infections caused by bacterial pathogens (cont.)

Bacterial Families Infectious diseases | Overall Mortality Reference
Rates
Moraxellaceae Otitis, sinusitis, or | Sinusitis: 7% Brook, 2007;

tuberculosis,

bronchitis Gallagher et al., 1998
Mycoplasmataceae Atypical Pneumonia: 7% William et al., 2006.
pneumonia,

leprosy
Neisseriaceae Gonorrhea and Gonorrhea: rare DeFranco et al.,
meningitis 2007; Ohneck et al.,

2011.

Pseudomonadaceae

Respiratory tract
infections, soft
tissue infections,
urinary tract
infections and

pneumonia

7%

Conti et al., 1996

Vibrionaceae

Gastroenteritis,
acute and fatal
septicaemia,

cholera

Gastroentreritis:  60-
80%
Cholera:58,000—
130,000 deaths/year

Horseman et al.,
2013;

Manjunath, 2007;
Lozano et al., 2012.

2.2. Human Immune System

Human beings and other mammals are continuously exposed to substances that are

capable of causing them harm. As a consequence, they also have an amazing complex

system of responses to attacks from outside the body and that is called the immune system.

The immune system is compromised from the cells and molecules responsible for

immunity, and the collective and coordinated response to the introduction of unfamiliar

substances by these cells and molecules is called the immune response (Abbas, 2011). The

term immunity is derived from the Latin word immunitas which referred to the protection

from legal prosecution offered to Roman senators during their regimes. Therefore,

historically, immunity mean protection from disease (Abbas et al., 2010).
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The outcome of our understanding of the immune system and its functions has been
remarkable since 1960s. Developments in biochemistry and genetics have changed
immunology from largely descriptive science into one in which diverse immune

phenomena can be explained by structural and biochemical terms (Abbas et al., 2010).

2.2.1. Innate and Adaptive Immunity

Immunity requires the recognition and elimination or containment of infectious
organisms. This is obtained by two systems broadly classified as innate immunity and

adaptive immunity (DeFranco et al., 2007).

Innate immunity (also called natural or native immunity) provides the early line of
defense against microbes which refers to the fact that this type of host defense is always
present in healthy individuals. It is prepared to block the entry of microbes and to rapidly
eliminate microbes that succeed in entering host tissues (Abbas, 2011). This type of
immune system consists of cellular and biochemical defense mechanisms that distinguish
host cells from those of infectious agents. Innate immunity specifically targets microbes
and is a powerful early defense mechanism capable of controlling and even eradicating
infections, thus it is essential for host defense and is responsible for early detection and
containment of microbes (Abbas et al., 2010; Forst, 2006). The first line of its defense is
provided by epithelial barriers and specialized cells and natural antibiotics present in
epithelia. All of these function to block the entry of pathogen. The main components of
innate immunity are physical and chemical barriers, phagocytic and natural killer (NK)
cells, blood proteins and cytokines which are proteins that regulate and coordinate many
activities of the innate immunity cells (Abbas et al., 2010). The defense begins in the skin
and the epithelia of the respiratory, intestinal, urinary and reproductive tracts with
antimicrobial peptides that are thought to be important for protection against bacterial
infection. Innate immunity in the blood and tissues is provided principally by phagocytic
cells that recognize surface components of bacteria and engulf them (DeFranco et al.,
2007).

In contrast to the innate immunity, adaptive immunity develops as a response to

infection and adapts to it. Unlike innate immune responses, the adaptive responses are
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highly specific to the particular pathogen that induced them. They can also provide long-
lasting protection (Alberts et al., 2002). The cells of adaptive immunity, which are called
lymphocytes, express receptors that specifically recognize different substances, antigens,
produced by microbes as well as noninfectious molecules. In addition it has an
extraordinary capacity to distinguish between different microbes and molecules and for
this reason it is also called specific immunity. Innate and adaptive immune responses are
components of an integrated system of host defense in which numerous cells and

molecules function cooperatively (Table 2.3).

Table 2.3. Characteristics and components of innate and adaptive immunity (Abbas, 2011).

Innate Adaptive

Characterisctics

Specificity For structures shared by groups | For antigens of microbes
of related microbes and for nonmicrobial
antigens
Diversity Limited; germline-encoded Very large;receptors are

produced by somatic

recombination of gene

segments
Memory None Yes
Nonreactivity to self Yes Yes
Components
Cellular and chemical Skin, mucosal epithelia; Lymphocytes in epithelia;
barriers antimicrobial chemicals antibodies secreted at
epithelial surfaces
Blood proteins Complement, others Antibodies
Cells Phagocytes (macrophages, Lymphocytes

neutrophills), NK cells
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Figure 2.4. (a) Example of Innate Immune System (b) Example of Adaptive Immune
System (DeFranco et al., 2007).

Examples of innate and adaptive immunity are shown in the Figure 2.4. A phagocyte
of the innate immune system recognizes a conserved surface component of a bacterium,
and ingests and destroys it (Figure 2.4-a). A lymphocyte of the adaptive immune system
produces antibodies that recognize a variable component of the surface of a bacterium by
means of a binding site that is itself highly variable. A non-variable portion of the antibody
is then recognized by a receptor on the phagocyte, which is thereby activated to ingest the
bacterium and destroy it. In this way the adaptive immune system enables microorganisms
that have masked the conserved components recognized by innate immune cells to be
destroyed by these cells (Figure 2.4-b) (DeFranco et al., 2007).

2.2.2. Cells of the Immune System

The cells of the immune system consist of lymphocytes, effector cells and antigen-
presenting cells (APCs) (Table 2.4). Lymphocytes are the only cells in the body capable of
specifically recognizing and distinguishing different antigenic determinants and are
responsible for the two defining characteristics of the adaptive immune response,
specificity and memory. All lymphocytes are morphogically similar and rather
unremarkable in appearence, however they are extremely heterogenous in lineage, function

and phenotype. They are also capable of complex biological responses and activities.
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Protective immunity to microbes can be adoptively transferred from immunized to healthy
individuals only by lymphocytes or their secreted products (Abbas et al., 2010).
Lymphocytes fall into two major classes; B lymphocytes and T lymphocytes. B
lymphocytes are the only cells capable of producing antibodies. They also express
membrane forms of antibodies that serve as the receptors which recognize antigens and
initiate the process of activation of the cells. T lymphocytes, the mediators of cellular
immunity, were named after their precursors which arise in the bone marrow. These
precursors migrate to and mature in the thymus; which "T" refers to. The sites in which
mature lymphocytes are produced are called the generative lymphoid organs and the
mature B and T cells are called the naive lymphocytes. When naive lymphocytes recognize
microbial antigens and also receive additional signals induced by microbes, the antigen-
specific lymphocytes proliferate and differentiate into effector cells and memory cells, i.e.
the differentiation of naive lymphocytes into effector cells and memory cells is initiated by
antigen recognition (Alberts et al., 2002).

Effector cells of the immune system itself are the cells that eliminate microbes and
they consist of lymphocytes and other leukocytes. The elimination of microbes often
requires the participation of other nonlymphoid leukocytes, such as granulocytes and
macrophages. These may function as effector cells in both adaptive and innate immunity
(Abbas, 2011).

The common portals (skin, gastrointestinal tract, respiratory tract) of entry for
microbes contain specialized antigen-presenting cells (APCs) located in the epithelium.
These cells capture the microbes, display them to lymphocytes and provide signals that
stimulate the proliferation and differentiation of the lymphocytes. By convention, APC
usually refers to a cell that displays antigens to T lymphocytes. The major type of these
cells that is involved in initiating T cell responses is the dendritic cell (formed or marked

like dentrite of a branching form).
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Table 2.4. Cell types of immune system and their functions (Abbas, 2011).

Cell Type

Principal Function(s)

Lymphocytes: B lymphocytes; T lymphocytes;

natural killer cells

Specific recognition of antigens:

B lymphocytes: mediators of humoral
immunity

T lymphocytes: mediators of cell-mediated
immunity

Natural killer cells: cells of innate imunity

Antigen-presenting cells: dentritic cells;
macrophages;follicular dendritic cells

Capture of antigen for display to lymphocytes:
Dendritic cells: initiation of T cell responses
Macrophages: initiation and effector phase of
cell-mediated immunity

Follicular dendritic cells: display of antigens

to B lymphocytesin humoral immune responses

Effector cells: T lymphocytes; macrophages;

granulocytes

Elimination of antigens:

T lymphocytes: helper T cells and cytotoxic T
lymphocytes

Macrophages and monocytes. cells of the
mononuclear-phagocytes system

Granulocytes: neutrophils, eosinophills

2.2.3. Tissues of the Immune System

The tissues of the immune system consist of the generative lymphoid organs, in

which T and B lymphocytes mature and become competent to respond to antigens and the

secondary lymphoid organs in which adaptive immune responses to microbes are initiated.

Included in the generative lymphoid organs of adult mammals are the bone marrow, where

all the lymphocytes arise and B cells mature, and the thymus, where T cells mature and

reach a stage of fuctional competence (DeFranco et al., 2007).

The peripheral lymphoid organs which consist of the lymp nodes, the spleen, the

mucosal and cutaneous immune systems, are organized to optimize interactions of

antigens, APCs, and lymphocytes in a way that promotes the development of adaptive

immune responses. The anatomic organization of peripheral lymphoid organs enables
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APCs to concentrate antigens in these organs and lymphocytes to locate and respond to the
antigens (Abbas, 2011).

2.2.4. Immunity to Extracellular Bacteria

Extracellular bacteria (Clostridiaceae, Staphylococcacea, Streptococcaceae,
Camplyobacteraceae, Helicabacteraceae, Mycoplasmataceae, Neisseriaceae,
Pseudomonadaceae, Vibrionaceae) (Table 2.9) are capable of replicating outside host
cells, for example, in the circulation, in connective tissues and in tissue spaces such as the
lumens of the airways and gastrointestinal tract (Table 2.5). The disease caused by
pathogenic extracellular bacteria follow two principle mechanisms. First, these bacteria
induce inflammation, which results in tissue loss at the site of infection. Second, toxins,
which have diverse pathologic effects, are produced by extracellular bacteria. Such toxins
may be endotoxins, which are components of bacterial cell walls, or exotoxins, which are
actively secreted by bacteria. The endotoxin in gram- negative bacteria are called
lipopolysaccharide (LPS) which increases the negative charge of the cell membrane and
helps stabilize the overall membrane structure (Abbas et al., 2010). On the other hand,
exotoxins are highly potent and can cause major damage to the host by destroying cells or

disrupting normal cellular metabolism (Ryan et al., 2010).

Complement activation, phagocytosis and the inflammatory response are the
principal mechanisms of innate immunity to extracellular bacteria. Gram positive bacteria
have cell walls containing a thick layer of peptidoglycan which stays purple colored after
Gram staining. On the other hand, LPS in the cell walls of gram-negative bacteria stays red
colored after Gram staining. Peptidoglycan and LPS activate the alternative pathway of
complement activation in the absence of antibody. One result of complement activation is
opsonization (rendering of bacteria and other cells subject to phagocytosis) and enhanced
phagocytosis (the process by which certain cells of the innate immune system, including
macrophages and neutrophils, engulf large particles such as intact microbes) of bacteria.

Phagocytes use various surface receptors to recognize appropriately opsonized bacteria.
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Table 2.5. Examples of extracellular bacteria and their infections (Abbas, 2011).

Pathogen

Examples of human

diseases

Mechanism of pathogenicity

Staphylococcus aureus

Skin and soft tissue
infections, lung abscess;
systemic: toxic shock

syndrome, food poisoning

Skin infections; acute inflammation
induced by toxins; cell death caused by
pore-forming toxins

Systematic: enterotoxin (“superantigen”)-
induced cytokine production by T cells
causing skin necrosis,shock,diarrhea

Streptococcus pyogenes
(group A)

Pharyngitis,

Skin infections: impetigo,
erysipelas; cellulitis,
Systemic: scaret fever

Acute inflammation induced by various
toxins,e.g., streptolysin O damages cel
membranes (antiphagocytic action of
capsular polysaccharides).

Streptococcus pyogenes

(pneumococcus)

Pneumonia, meningitis

Acute inflammation induced by cell wall
constituents; pneumolysin is similar to

streptoysin O.

Escherichia coli

Urinary tract infections,

gastroenteritis, septic shock

Toxins act on intestinal epithelium and
cause increased chloride and water
secretion; endotoxin (LPS) stimulates

cytokine secretion by macrophages.

Vibrio cholerae

Diarrhea (cholera)

Cholera toxin ADP ribosylates G protein
subunit,which leads to increased cyclic
AMP in intestinal epithelial cells and

results in chloride secretion and water

loss.

Clostridium tetani Tetanus Tetanus toxin binds to the motor end-
plate at neuromuscular junctions and
causes irreversible muscle contraction.

Neisseria meningitidis Meningitis Acute inflammation and systemic disease

(meningococcus) caused by potent endotoxin

Corynebacterium Diphteria Diptheria toxin ADP ribosyslates

diphtheriae

elongation factor-2 and inhibits protein

synthesis
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Opsonized bacteria is the foreign pathogen in the human body, and a floating antigen
is attached to the protein on the bacteria so that a phagocyte can easily recognize the
bacteria in order to engulf and destroy it. Toll-like receptors (TLRs) of phagocytes
participate in activation of phagocytes as a result of encounter with microbes. These TLRs
are an evolutionarily conserved family of pattern recognition receptors expressed on many
cell types, which play essential roles in innate immune responses to microbes. Some of the
microbial products that stimulate TLR signals include gram negative bacterial LPS, gram
positive  bacterial  peptidoglycan, bacterial  lipoproteins, lipoteichoic  acid,
lipoarabianomannan, zymosan, the bacterial flagellar protein flagellin and respiratory
syncytial virus fusion protein (Abbas, 2011).

Humoral immunity is the principal protective immune response against extracellular
bacteria and it functions to block infection, eliminate the microbes and neutralize their
toxins. Because extracellular bacteria can not routinely hide within host cells, antibodies
are generally highly effective to these species. Antibody responses against extracellular
bacteria are directed against cell wall antigens, and secreted and cell-associated toxins,
which may be polysaccharides or proteins. The polysaccharides are prototypic thymus-
independent antigens and major function of humoral immunity is defense against
polysaccharide-rich encapsulated bacteria. They are also perfect for Ti antigens for B cell
activation while other bacterial components supplying Td antigens induce primarily a Th2
response that provides T cell help for antibacterial B cells. Neutralization is mediated by
high-affinity immunoglobulin G (IgG) and IgA isotypes, opsonization by some subclasses
of IgG, and complement activation of IgM and subclasses of 1gG. Smaller 1gG antibodies,
which protect the tissues, neutralize bacteria by physically preventing them from attaching
host cell surfaces. The protein antigens also activate CD4+ helper T cells, which produce
cytokines that stimulate antibody production, induce local inflammation and enhance the
phagocytic and microbial activities of macrophages and neutrophils (Figure 2.5) (Abbas,
2011; Saunders, 2011). Interferon-a (IFN-a) is the T cell cytokine responsible for
macrophage activation, and tumor necrosis factor (TNF) and lymphotoxin trigger
inflammmation (Schroder et al., 2004).
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Figure 2.5. The Extracellular Immunity Mechanism (Abbas, 2011).

The principal injurious effects of host responses to extracellular bacteria are
inflammation and septic shock. Septic shock is a medical condition as a result of severe
infection and sepsis, though the microbe may be systemic or localized to a particular site. It
can cause multiple organ disfunction syndrome (formerly known as multiple organ failure)
and death. Its most common victims are children, immunocompromised individuals, and
the elderly, as their immune systems cannot deal with the infection as effectively as those
of healthy adults. Frequently, patients suffering from septic shock are cared for in intensive
care units. The mortality rate from septic shock is approximately 25-50% (Kumar et al.,
2007). Bacterial sepsis and septic shock result from the overproduction of inflammatory
mediators as a consequence of the interaction of the immune system with bacteria and
bacterial wall constituents in the body (Berkel et al., 2003). It is believed that Gram
negative and Gram positive bacteria may activate a common pathway of events that lead to
septic shock (Verhoef et al., 2003). The early phase of septic shock is caused by cytokines
produced by macrophages that are activated by microbial components, particularly LPS
which is a major pathogen-associated molecular pattern that is recognized by host Toll-like
receptor 4 (TLR4), inducing innate immune responses including inflammation (Rhen et al.,
2003). Recent studies suggest that TLRs, inflammatory cytokines, free radicals,
macrophage migration inhibitory factor, signal protein kinases, and transcription factors,
all play an important role in the pathobiology of gram negative mediated septic 