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ABSTRACT

Escherichia coli K-12 (pEGFPIuxABCDEAmp) (E. coli-lux), constitutively emitting
bioluminescence (BL), was constructed and its BL emitting properties tested in different growth and
killing conditions. The BL emission directly correlated with the number of viable E. coli-lux cells,
and when subjected to the antimicrobial agent, the diminishment of the BL signal was linked directly
to the number of killed bacterial cells. The method provided a very convenient application,
especially when compared to conventional plate counting assays. This novel real-time based method
was utilized in both immunological and toxicological assessments.

The parameters such as the activation phase, the lytic phase and the capacity of the Killing of the
serum complement system were specified not only in humans but also in other species. E. coli-lux
was also successfully used to study the antimicrobial activities of insect haemolymph.

The mechanisms of neutrophil activity, like that of a myeloperoxidase (MPO)-H,0,-halide system,
were studied using the E. coli-lux approach. The fundamental role of MPO was challenged, since
during the actual killing in described circumstances in phagolysosome the MPO system was
inactivated and chlorination halted.

The toxicological test system, assessing indoor air total toxicity, particularly suitable for suspected
mold damages, was designed based on the E. coli-lux method. Susceptibility to the vast number of
various toxins, both pure chemicals and dust samples from the buildings and extracts from molds,
were investigated. The E. coli-lux application was found to possess high sensitivity and specificity
attributes. Alongside the analysis system, the sampling kit for indoor dust was engineered based on
the swipe stick and the container. The combination of practical specimen collector and convenient
analysis system provided accurate toxic data from the dust sample within hours.

Neutrophils are good indicators of the pathophysiological state of the individual, and they can be
utilized as a toxicological probe due to their ability to emit chemiluminescence (CL). Neutrophils
can either be used as probe cells, directly exposed to the agent studied, or they can act as indicators
of the whole biological system exposed to the agent.

Human neutrophils were exposed to the same toxins as tested with the E. coli-lux system and
measured as luminol amplified CL emission. The influence of the toxins on the individuals was
investigated by exposing rats with moniliniformin, the mycotoxin commonly present in Finnish
grains. The activity of the rat neutrophils was found to decrease significantly during the 28 days of
exposure.



ABSTRAKTI

Escherichia coli K-12 transformoitiin uudella bakteerilusiferaasigeenikasetin  sisaltamalla
pEGFPIuxABCDEAmp plasmidilla. Aktiivinen bakteerilusiferaasioperoni tuottaa konstitutiivista
bioluminesenssia emittoivia E. coli soluja, ilman lisattyd substraattia. Uusi konstruktio nimettiin E.
coli-lux:si ja sen bioluminesenssiemissio-ominaisuuksia mitattiin erilaisissa inkubaatio-olosuhteissa.
Tutkimuksissa havaittiin E. coli-lux:in tuottaman bioluminesenssin olevan suoraan verrannollinen
reaktioseoksessa olevien eldvien bakteerisolujen lukumaardédn ja kun reaktioon lisattiin
antimikrobiaalista yhdistetta, valosignaalin laskun havaittiin korreloivan kuolleiden bakteerisolujen
lukumééran kanssa. Konventionaaliseen maljalaskentamenetelmaan verrattuna E. coli-lux — sovellus
tarjosi erittdin kaytannollisen vaihtoehdon bakteerien elinkyvyn ja tapon mittaamiseen ja sitd
hyodynnettiin  tdsséd Kirjassa esitellyissa immunologisissa ja toksikologisissa tutkimuksissa
koetinorganismina.

Synnynndisen immuniteetin tutkimuksessa E. coli-lux konstruktiota hyddynnettiin seerumin
komplementtisysteemin aktivaatioreaktioteiden kineettisten parametrien kuten aktivaatio- ja lyyttisen
faasin nopeuden seka bakteeritappokapasiteetin maarittdmiseen ihmisen, kirjolohen, sian, rotan, sek&
lepakon seerumeista. Komplementin komponenteille spesifisten monoklonaalisten vasta-aineiden
sekd antiseerumeiden avulla selvitettiin tiettyjen komponenttien vaikutusta tapporeaktioon. Lisaksi
E. coli-lux menetelméd kaytettiin hyonteisten veren, hemolymfan, antimikrobiaalisten
ominaisuuksien selvittamisessa.

Polymorfonukleaaristen  leukosyyttien, eli  neutrofiilien  aktiivisuutta, fagosytoosia ja
myeloperoksidaasi (MPO) -vetyperoksidi (H,O2) -kloridi-systeemin roolia fagolysosomaalisessa
mikrobitapossa tutkittiin in vivo ja in vitro olosuhteissa, kayttaméalla koettimena E. coli-lux soluja.
MPO-systeemin  perinteinen  rooli  neutrofiilien  pé&dasiallisena  bakteeritappomekanismina
kyseenalaistettiin, koska olosuhteissa jossa mikrobitappo tapahtuu, MPO:n klorinaatioaktiivisuus
havaittiin olemattomaksi. Tulokset viittasivat H,O,:n fagolysosomaalisen konsentraation itsessaan
olevan riittdvan suuri mikrobitappoon.

Neutrofiilit toimivat myds hyvind nisakasyksilon patofysiologisen tilan indikaattoreina ja niita
voidaan hyodyntdd koetinsoluina toksikologisessa tutkimuksessa. Neutrofiilien kyky emittoida
kemiluminesenssia (CL) fagosytoosin hengitysryopsédhdyksen yhteydessa mahdollistaa solujen
toiminnan havainnoinnin levynlukijalumienometrilld. Toksinen vaikutus havaitaan CL signaalin
laskuna. Ihmisen neutrofiileja altistettiin suoraan toksiineille ja niitd kdytettiin E. coli-lux-systeemin
toksisuusmittauksissa referenssikoettimina. Neutrofiilit voivat myods toimia koko altistetun yksilon
systeemin indikaattoreina ja niitd kaytettiin tutkittaessa suomalaisista viljoista eristetyn
mykotoksiinin, moniliformiinin, vaikutusta rottien immuunipuolustukseen 28 pdivéa kestdneessa
subkliinisessa kokeessa. Oraaliasuspensiona annosteltu moniliformiini laski merkitsevasti rottien
neutrofiilien aktiivisuutta.

E. coli-lux konstruktiota kaytettiin perustana uuden, rakennuksen sisailman kokonaistoksisuutta
mittaavan menetelmén kehitykseen. Testi perustuu kohteista kerattyjen sisapdolyndytteiden
analysointiin, jossa E. coli-lux altistetaan polyista tehdyille H,O- ja DMSO- uutoksille ja toksisuus
havaitaan valoemission heikkenemisend. Toksisuus ilmoitetaan ECsy arvoina mg polyd/ml
uutosnestettd kohden. Menetelmd pystyy tunnistamaan kosteus- ja homevaurioiden sek& muiden
sisdilmaongelmia aiheuttavien myrkkyldhteiden toksisuuden. Analyysimenetelman spesifisyys ja
sensitiivisyys on verrannollinen perinteisiin mammaliansoluilla tehtdviin toksisuustesteihin ja lisaksi
E. coli-lux systeemi on edullisempi ja nopeampi. E. coli-lux menetelméll& 16ydetty toksisuus korreloi
tilankayttajien terveyshaittojen kanssa.

Analyysimenetelmén ohella on kehitetty uusi ndytteenottomenetelma, jossa huonepolyé kerdtdan (1 —
10 mg) kuitupuikolla pyyhkidisemadlld, useasta eri kohdasta. Kukin yksildity polynédyte suljetaan
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mukana olevaan putkeen ja toimitetaan laboratorioon, jossa E. coli-lux preparaatti altistetaan usealle
eri ndytelaimennokselle. Toksisuus ilmoitetaan ECsy arvoina mg polyd/ml uutosnestettd kohden ja/tai
prosentuaalisena vertailuarvona tunnetun puhtaan toksiinin aiheuttamaan myrkyllisyyteen.
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1. INTRODUCTION

Our aim was to analyze the antimicrobial effects of the innate immune mechanisms like serum
complement system and especially the phagocyte activity of neutrophils. Like almost everything in the
field of microbiology, these studies were previously operated with the plate counting method lacking in
kinetics and real-time features. The studies described in this book started in 2008 by assaying the
viability and the bioluminescence emission of a new Escherichia coli K12 (E. coli-lux) construct. This
novel approach included the neglected real-time features and provided a new and practical approach for
the assessment of bacterial viability and antimicrobial reactions. Numerous antimicrobial agents and their
killing features were tested, studied and results recorded in order to clarify different antimicrobial
mechanisms. After this groundwork, the gained data was utilized for the assessment of the antimicrobial
features of human serum. It is noteworthy that not only the human complement pathways were assayed
but also those of fish, mice, rats, pigs, bats, some birds and moreover, the antimicrobial properties of the
haemolymph from various insects.

The other field of our professional interest was and is phagocytosis and especially neutrophil activity.
Like in the many fields of science, also in immunology, seemingly established ideas, like what actually
kills the target inside the neutrophil phagolysosome, becomes obsolete and in need of revision. A
bacterial cell, the natural target for phagocytes, with suitable reporter genes came in handy, and E. coli-
lux was used to study the phagolysosomal killing activity with neutrophils in vivo and also with cell-free
myeloperoxidase (MPO)-hydrogen peroxide-halide system in vitro. During the period of 2009-2014, we
focused on the role of the oxidative killing reaction in neutrophils by showing that the MPO is obviously
not in as fundamental role in a bacterial killing in the neutrophil phagolysosome as has been previously
dictated.

Meanwhile, we participated in a Finnish Academy project with the Finnish Food Safety Authority
EVIRA, discovering the physiological effects of the toxins from molds discovered in Finnish grains. Our
task in this coalition was to reveal the effects of mycotoxins on neutrophil activity. This project
culminated in an extensive one-month experiment in the spring of 2010, when more than 40 exposed rats
were sampled and studied. Moniliformin (mycotoxin) was found to decrease the rats’ neutrophil
phagocytic activity.

During and after the antimicrobial experiments with different toxins, antibiotics, solvents and
immunological systems, we realized that the E. coli-lux method is very applicable in toxicological
assessment. When being asked, it felt natural to participate in the TOXTEST project during 2010-2012
with the National Institute of Healt and Welfare and the Finnish Institute of Occupational Health. The
Ministry of Social Affairs and Health funded the project with the aim of finding a reliable application for
testing indoor toxicity. The focus was in mold-damaged buildings. During this quarrelsome project, we
developed an application for indoor toxicity measurement utilizing E. coli-lux as a toxicological probe.
This novel in vitro assay not only correlated with the level of damage observed in the buildings but also
with the health survey results collected from the users of the damaged buildings.

The literature review in this book is divided into three sections: The first part focuses on immunology,
mainly the characteristics of complement system and neutrophil activity. The second part is a
microbiological section describing the characteristics of bacterial cell existence, growth, viability and
death. The third section covers the principals of the measurements and applications used in toxicological
assessments.

These subjects form a path of topics | followed during my PhD student years in three interesting projects.
While it is too much to hope that the selection of new material avoids criticism, an earnest effort has been
made to include the truly significant and fundamental advances.

Janne Atosuo 2014



2. LITERATURE REVIEW

2.1 Innate immune system

Our system encounters a huge number of different pathogenic microbes that only very occasionally
cause diseases. These threats are normally recognized and destroyed by the defense mechanism,
which does not activate the clonal expansion of the adaptive immune system by antigen specific
lymphocytes. This first line of defense is constructed by the innate immune system and, despite the
more non-selective manner of target recognition compared to adaptive immune systems, it very
efficiently discriminates between the host and pathogenic cells providing an effective initial defense
machinery while also participating, as an irreplaceable element, in the functions of adaptive immune
responses (1).

Innate systems, such as phagocytizing leukocytes (neutrophils, macrophages, dentritic cells), the
soluble parts of blood like the complement system and other extracellular fluids (antimicrobial
enzymes, lysozyme, antimicrobial peptides) are the main tools for destroying bacterial and fungal
pathogens. The role of the adaptive system is to augment this procedure by producing enhanced
specificity and memory. The importance of the innate immune system is sometimes understated, but
defects in this mechanism are usually lethal, even in the presence of an intact adaptive system (1, 2).
The first step in an initial encounter with a pathogen after it has passed through the host’s anatomic
barriers is an immediate onset of the soluble mechanisms, either killing or weakening the intruder.
Specific effectors perform the recognition. The complement system in the blood both lyses the
intruding pathogens and targets them for phagocytosis by opsonization. If the target is destroyed the
removal of the infectious agent and the waste material is conducted by phagocytotic cells, like
neutrophils (3). If the pathogen can breach this first humoral step of defense, effector cells are
recruited. They are activated by target recognition in pathogen associated molecular patterns
(PAMP), the structure’s presence in the pathogen but absence in the host’s structures. Neutrophils
have receptors for complement components on the pathogen surface (opsonization). After
recognition and activation, the infectious agent is effectively phagocytized and discarded (3).

The third step in this context is the activation of the adaptive arm of the immune system. It has been
estimated that more than 99 % of all encounters with pathogens remain subclinical, with no adaptive
response or induced immunological memory. In addition to neutrophils, there are also macrophages
and dentritic cells capable of phagocytosis. These cells are found in tissues and they act as an
antigen-presenting cell (APC) (2, 3).

These cells recognize their targets, activate and phagocytose the invading pathogen. They process
antigen structures, migrate from the site of infection to the lymphoid tissue, where they present these
particles to the T and B lymphocytes, and secrete a wide variety of cytokines, inducing the activation
of helper and effector T-cells, antibody production from B cells and finally the pool of both T and B
memory cells. These antigen-specific lymphocytes also lead to the formation of specific memory
cells providing long-lasting specific immunity against this antigen.

2.1.2 Complement system

The complement system is the primary mediator of the immune response against invaders. It consists
of more than 30 chemically and immunologically distinct blood (also present in other body fluids)
proteins and glycoproteins capable of interacting with each other, with cell membranes and with
antibodies. It has a distinct self-nonself-discrimination system in order to prevent cell and tissue
damage caused by the auto-activation of the system (1, 2, 4) (1, 11, 111).
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Complement proteins are mainly produced in the liver. The activation of this system leads to a
protease cascade, where the previous component always acts as a proteolytic enzyme, cleaving and
activating the next component (Figure 1). The cascade is expedited and amplified in every step, since
one upstream component can activate multiple downstream components in the cascade.

The activation of the system leads to the generation of biological activity ranging from direct
proinflammatory regulation to the formation of the membrane attack complex (MAC), causing the
lysis of target cell bacteria, fungi and viruses. In addition, the complement is able to recruit and enlist
the participation of other humoral and cellular effector systems. These include the induction of
histamine release from mast cells, the regulation of leukocyte migration (chemotaxis) and
enhancement phagocytosis by opsonization. Self-nonself-discrimination of the complement system is
due to its complex passive and active mechanisms, mainly regulating the protein stability of the
components. The process of opsonization is a means of identifying the invading microbes by
phagocytes. The nonspecific binding of complement components C3b and C3bi and the specific
binding of the serum antibodies to the invading pathogen are normally required for the successful
recognition and destruction of this pathogen by the phagocytic cell (5-7).

The individual proteins of the complement system are normally present in the circulation as
functionally inactive molecules. The native precursors are designated by numbers, complement
component 1 (C1) to C9 or, in the case of some of the components, by symbols or trivial names such
as properdin, factor B and D. Each component must be activated sequentially under appropriate
conditions in order for the complement reaction to progress.

The complement system also contributes to the adaptive immune system. Target opsonization leads
to phagocytosis by APC macrophages and dentritic cells expressing complement receptors. After
phagocytosis, these leukocytes travel to the lymphoid tissues, where they present the processed
antigen with their major histocombability complex 1I (MHC I1l) receptor and enhance the
presentation to antigen specific T-cells (8).

B-cells have receptors for the complement component; CR 2 (human complement component
receptor type 2) recognizes the complement coated antigen and enhances the B-cell activation
against this antigen (9).

There are 3 independent pathways leading to the activation of the terminal, the biologically
important portion of the complement sequence (Figure 1). Different substances trigger these
mechanisms of activation, termed the classical, alternative and lectin pathways. Each involves
several reaction steps.

The classical reaction pathway is activated by antibody-antigen complexes and is thus a part of the
adaptive immune response, while lectin and the alternative pathway react to the structures of certain
molecules and motifs on the target surface. In the classical pathway, the advantage is in the accuracy
of the recognition with the antibodies, although the formation of these molecules can take weeks
during the primary response. The alternative pathway is thought to be phylogenetically the oldest
activation pathway, formed before the age of the adaptive response. When encountering the potential
pathogen, the alternative pathway is very rapidly activated. This is because of the “tickover”
reaction, the continuous spontaneous activation of the alternative pathway in the minor scale. In the
lectin pathway, the recognition takes place with the mannose binding lectin sticking to the mannan or
N-acetylglucosamide residues on the microbe cell membrane (2, 4).

All activation pathways converge at the midpoint of the complement system, and the reaction
sequence, involving reactions of C5 through C9 and to the formation of the MAC, is common to all
three pathways (Figure 1). MAC forms a channel through the targets plasma membrane and alters
the permeability of the target cell allowing the influx of the extracellular fluids and phagolysosomal
ingredients such as lysozyme and outflow of the amino acids, potassium, ATP, causing lysis or
weakening of the target cell (Figure 1) (2).
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Figure 1: The serum complement system. (Kuby IMMUNOLOGY, 6. Edition 2007)

Classical pathway

The classical activation pathway of the complement was the first one to be discovered at the end of
the 19™ century (10). The designation complement refers to the heat labile compartment of serum
and its ability to recognize, opsonize and kill the targets non-specifically, thus completing the work
of the immune cells (I, I1).

The classical pathway (CP) is activated by antigen-antibody complexes or aggregated
immunoglobulins connecting this pathway to adaptive immunity. The most powerful activators are
immunoglobulin G1 (1gG1), 1gG3, IgM and 1gG2 respectively, 1gG4, 1gA, IgD and IgE are weak
activators. The C-reactive protein (CRP), bound to the microbe surface, also initiates this classical
pathway.

The complement component 1 complex (C1) acts as a recognition molecule (Figure 1). C1 is a
complex molecule consisting of one C1q and two serine proteases C1r and C1s, circulating in the
blood. The calcium (Ca®*) dependent association of molecules holds this complex together (2, 11).
Allosteric turns in Clq, after the C1-complex has bound to the target antibody, activate the enzyme
activity of C1r, which in turn activates C1s enzyme activity. C4 and C2 act as substrates for C1s, and
C4 is cleaved into two parts, C4a and in bigger protein C4b, which attaches covalently to the target
surface. C2 binds to the surface bound C4b, and C2b is cleaved from this complex. The active
protelytic enzyme C4bC2a is the main product of the classical activation pathway capable of
cleaving numerous C3 and C5 molecules and thus activating the final lytic pathway. Cleaved C3a
and C5a components are powerful inflammation transmitters, anaphylatoxins, and chemotaxins (2).
Formed C3b has a high affinity to bind covalently to the target surface, close to C3 and C5
convertase (C4bC2a), and one of the main functions of C3b is to pluck C5 from the plasma and
provide them for C4bC2a (Figure 1). The MAC formation is initiated by the cleavage of C5 into C5a
and C5b, the latter acting as a starting point for this lytic complex. C6 and C7 bind to C5 forming a
partially hydrophobic complex C5b67 attached to microbe surface. C8 and multiple (3-18) C9
molecules attach to this complex on the surface. Attachment alters the shape of these molecules from
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spherical to a more rod-like shape, penetrating through the plasma membrane. MAC is formed
(Figure 2) (2, 12)

Immune complexes and chromatin (DNA-histone complexes) can activate the classical pathway.
This activation mainly proceeds to the formation of C3b. C3b and C4b molecules attach covalently
to these waste complexes and enhance phagocytosis. Defects in C2 and C4 production can thus lead
to diseases where immune complexes and other aggregates can accumulate in blood circulation and
joints. C1q is also known to bind to exposed phospholipids on the surface of apoptotic cells,
participating in the elimination of damaged cells from tissues.

CRP, an acute phase protein, is also known to activate the classical pathway. Activation utilizing
CRP is thought to be useful in the primary microbe encountering when the adaptive system has not
yet produced antibodies. During inflammation, the concentration of CRP is usually highly increased,
and it binds to negatively charged sugar residues and other phosphorylcholine structures like the C-
polysaccharides on the cell membrane of pneumococci. Activation via CRP proceeds to the C3 level.
CRP also binds factor-H, which inactivates C3b to the form iC3b. Phagocytes have receptors for the
IC3b molecule and the Fc-receptor CRP. This enhances the phagocytosis of these targets, and CRP is
thought to participate in the clearance of the damaged cells (2, 4, 12).

Lectin pathway

The lectin pathway is analogous to the classical activation pathway, except that it uses different
recognition proteins. Activation occurs via mannose binding lectin (MBL), which binds Ca®*
dependently to multiple mannose or N-acetylglucosamine sugar residues mainly on the surface of
certain microbes, like yeasts. MBL has a high structural resemblance with C1q, but instead of C1r
and Cls it binds to mannan binding lectine serine peptidase 1 (MASP1), -2 and -3. MASP1 and
MASP?2 are serine esterases splicing C4 and C2 and MASP1 as well as C3 molecules directly. The
MBL concentration in blood is very low, and the exact role of this lectin for immune defence system
is yet unknown (2, 12)(1, 11).

Alternative pathway

The antibody independent activation of the complement system is called the alternative pathway
(AP). It is triggered by the structures on the microbe surface like polysaccharides, immunoglobulin
aggregates and artificial surfaces like the dialysis films in kidney dialysis machines. The AP is
activated after pathogen invasion to our tissues or when blood or tissue is in contact with artificial
surfaces. Like in other activation pathways, the main assignment is the cleavage of the C3 molecule
(Figure 1). The C3 convertase in AP is C3bBb in which Bb is an esterase enzyme resembling C2a.
C3b participates in the enzyme complex with C3 as a substrate. The first C3b molecule is formed in
the spontaneous hydrolysis of C3 and the formation of C3 (H,0), which is continuously turned on in
a small scale. C3 has reacted with water, but C3a has not yet been detached. C3(H,O) then
participates in the formation of the early state C3 convertase, C3(H20)Bb, causing a continuous
small scale activation of C3. Using this “idling”, the AP system patrols the surfaces in touch with the
plasma, ensuring a fast response when the foreign surface is about. Activation proceeds only on the
surfaces recognized as foreign by the immune system. AP is also activated during the CP activation;
however, this requires that the surface favours AP activation (2, 12) (I, I, H1I).

Along with the detachment of C3a, the thioester bond is attached to C3b, and the free carbonyl group
covalently binds to the hydroxyl groups on the surface and, if the suitable surface is not in the
vicinity, C3b is rapidly inactivated. This is also the case when C3b attaches to the host’s own
structures. The inactivator is factor | in plasma. Factor H and some membrane regulators act as a
cofactor to factor | and, if these cofactors are not properly bound to the surface, C3b is not
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inactivated and the surface favours the AP activation. C3bBb complex is formed, which leads to the
cleavage of the C3 molecule and thus to the formation of more C3 convertases. The efficiency of the
AP system is based on its ability to amplify its own activation. In a matter of minutes, AP can
roughly differentiate between self and non-self structures (2, 4, 12).

Other functions of the complement system

Anaphylaxis and chemotaxis

The most important functions of the complement system are outlined in Table 1. The small peptide
residues of the complement system (C2b, C3a, C4a and C5) are released during complement
activation. C2b is thought to increase the permeability of the small vessels near the site of the
inflammation. C3a and C5b are strong anaphylatoxins that cause the mast cells to secrete histamine
and other transmitters into the vicinity without IgE assistance. The effects of anaphylatoxins are
transmitted via receptors on the target cells (C3aR and C5aR). C5a is a powerful chemotactic agent,
oozing out from the complement activation site to the blood stream and luring neutrophils to this site
by creating a concentration gradient then utilized by these phagocytic cells. C5a molecules also
activate neutrophils (2, 12)

Table 1: The most important functions of the complement system (2, 12).

Functions of the complement system

Lysis of the target microbe (MAC)

Opsonization (C3b, C4b, C1q)

Inflammation transmitters (C5a, C3a, C2b, C5b — 9)

- activation of mast cells to secrete anaphylatoxins

- contraction of smooth muscles

- increase of the permeability of the blood vessels

Chemotaxis and the activation of phagocytes (C5a)

Processing of the immune complexes and molecule aggregates (C3b, C4b, CR1)
Elimination of damaged cell structures (apoptotic and necrotic cells)
Enhancement of the adaptive immune response

Opsonization

Opsonization is a mechanism to enhance phagocytosis by coating the target with the complement
components and antibodies attaching to the phagocyte receptors, facilitating ingestion and
degradation. There are receptors for C1lq, C3b, iC3b and C4g fragments on the phagocytic cell
surface, and it has been proposed that opsonization would actually be a more important assignment
for the complement than bacterolysis. AP efficiently covers the surface of the target with C3b and
iIC3b molecules, and pathogens capable of resisting complement activity are usually equipped with
the ability to distract the complement activation at C3 level.
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In the case of larger parasites, the C3b receptors on eosinophilic granulocytes recognize these C3b
molecules attached to the target surface, which activates the immune response (2, 12) (V, VI, VII).

Waste disposal functions

Immune complexes are formed during reactions of antibodies with microbe components,
components from foodstuff or from our own decaying cells. Larger aggregates of these complexes
have a tendency to sediment. Complement components C4b and C3b prevent this process.
Complexes covered with these molecules attach to neutrophil receptors and are directly phagocytized
or attached to receptors of erythrocytes to be transported to the liver or the spleen to be destroyed.
The same procedure applies for waste products of the host’s own cells. Clq has the ability to
recognize phospholipids, otherwise present inside the cell but twisted outside with the “flip-flop”
mechanism in damaged and apoptotic cells, leading to the phagocytosis of these cells (2, 12).

Enhancement of adaptive immunity

The complement system covalently attaches C3b molecules to invaders. After this, C3b is
proteolytically degraded to iC3b and further to C3d. Dentritic cells and B lymphocytes have
receptors for these molecules (CR1/CD35 and CR2/CD21). C3b/d coating facilitates the
transportation of antigens by dentritic cells to lymph nodes and further presentation to the B cell
antigen receptors, augmenting the antibody production (2, 12).

Regulation of the complement system

Uncontrolled activation of the complement activation system is a potential hazard to the host, and it
is subjected to rigorous regulation. The prevention of excessive activation is carried out by the
lability of the activated combining sites of the reactions and by time and temperature dependent
dissociation of some of the active complexes.

The C1 inhibitor (C1INH) is an important factor controlling the classical (C1s and C1r) and lectin
pathway (MASP1 and MASP2) esterase enzymes. It mainly prevents the excessive activation of C1s
and prevents the auto-activation of C1r. C1s can activate uncontrollably in C1INH deficiency and
cause the excessive activation of the CP.

C4bp and factor H conduct analogous roles in classical and alternative pathways, respectively. C4bp
degrades C4bC2a convertase and factor H C3bBb convertase, both co-factors for factor | (the
inactivator of both C3b and C4b). The role of factor H is to prevent the excessive consumption of
soluble complement components and to protect the host’s own cell surfaces against amplified
alternative pathway activation. Negatively charged structures like glycosaminoglycan and sialic acid
on the surface of our own cells assist in the binding of factor H, leading to the inactivation of C3b
and thus halting the complement activation. Bacterial surfaces lack these structures, enabling C3b to
bind freely (2, 12).

C3 activation is the main target of complement activation regulation, emphasizing the importance of
this machinery. The decay-accelerating factor (DAF) molecules on the cell surface degrade both
C3/C5 convertases. Membrane cofactor protein (MCP) acts as a cofactor for factor —I (2, 12).

Mac inhibitory protein CD59 attaches to C8 and C9 molecules in C5b — 8 or C5b — 9 complexes
preventing the further polymerization of C9 molecules and further reduces the killing effect of MAC.
Properdine (P) prevents the dismantling of the C3bBb convertase and stabilizes the alternative
pathway C3/C5 convertase attached to the activating surface, thus enhancing the amplification
cascade (2, 12)
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Common characteristics of complement components

There are structural similarities between the different activators and regulators of the complement
system. Enzymes like C1r, Cls, MASP1, MASP2, C2, B, D and I are all serine esterases. Pairs such
as C1s-C1r and C2-B are constructed out of similarly structured molecules, probably evolved trough
the duplication of genes during the evolution. Genes encoding components C2, B and C4 are located
in the human chromosome 6 (the same chromosome includes MHC genes), and both C2 and C4 have
a huge genetical variety (2, 12).

The genes of components C3, C4 and C5 are located in different chromosomes, but they are very
similar in structure. The components participating in the formation of MAC, C6, C7, C8 and C9 also
have high structural resemblance, which is thought to be connected to the ability to associate with
each other (2, 12).

2.1.3 Phagocytosis

Introduction

Some leukocytes are able to “swallow” invading microbes in an active and receptor-mediated
process called phagocytosis. Vacuoles and granules inside these cells contain myriads of
antimicrobial molecules and systems, ready to destroy the target after ingestion. In addition to
microbial Killing, phagocytic cells also discard the waste material, taking on an important role in
normal household and cleaning duties, like the removal of the host’s own old, apoptotic and necrotic
cells (3, 4, 13) (V, VI, VII).

The most important phagocytes include granulocytes (polymorphonuclear neutrophils [PMNs] and
eosinophils) and mononuclear phagocytes (monocytes, later maturing to macrophages). Granulocytes
are efficient killers rapidly phagocytizing their targets. Some intracellular microbes, including some
bacterial strains and protozoa, can resist phagocytosis and survive. Macrophages are matured from
monocytes in different tissues, usually outside the circulation, and they are specialized against
intracellular antagonists, being more efficient in this role than neutrophils. Some intracellular
bacteria, like the strains of mycobacteria, can survive inside the macrophage and cause severe
infections (4, 10).

In order to form the functional phagocyte response and eliminate microbes, the phagocytic cells have
to be lured to the site of inflammation with chemotactic transmitters and be activated. This happens
through their target recognition receptors. The ligand can be a structural molecule on the microbe
surface or antibody or a complement component attached to surface.

When a phagocyte has seized its target and attached to it, the active process of ingestion starts. The
leukocyte crawls and reaches out around the target cell, finally forming a bag enclosing the target.
Intracellular actine and myosine filaments, also forming the cytoskeleton of the cell, provide the
movement. Energy is derived from anaerobic glycolysis. The vacuole formed inside the cell is
designated as phagosome. The degradation of the target starts when different granules, vacuoles and
lysosomes, containing different antimicrobial systems are fused into the phagosome forming the
entity called phagolysosome (14-17).
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Neutrophil function

The PMNs, or granulocytes, comprise approximately 50-60 % of the circulating leukocytes in
humans, being the most abundant leukocyte group in mammalian peripheral circulation. Neutrophils
form the first line of defense in the innate immune protection by phagocytizing and digesting the
targets, like bacteria and fungi, as well as biological and mechanical waste products. They are the
key effector cells in the host defense response against microbial invasion, providing rapid
deployment and the effector arm of the immune system (18-23) (V, VI, VII).

Peripheral neutrophils are end-stage cells, and once released from the bone marrow, they circulate
with a half-life of 6-20 hours before losing functional capability and leaving the body in a random
(non-age-related) fashion. Their survival in tissues under steady state conditions is about 4-5 days.
About 10* neutrophils enter and leave the body daily. Both mature and bone marrow neutrophil
pools are called into play during an acute infection (10). In bloodstream and extravascular spaces,
neutrophils exert their antimicrobial effects through complex interaction with proinflammatory
cytokines like interleukin 8 (IL-8), tumor negrosis factor a, IL-1a, interferoni y and granulocyte-
macrophage-colony stimulating factor, prodused by other immune cells (macrophages, dentritic cells
and lymphocytes), antibodies, complement, and chemotactic factors.

The mature neutrophil is primarily a phagocytic cell with different types of granules containing
antimicrobial agents. The main types are azurophilic granules, containing myeloperoxidase (MPO),
hydrolases, lysozyme and a number of cationic proteins possessing antimicrobial activity, and
secondary granules with lactoferrin and some lysozyme. In the mature neutrophil, 80-90 % of the
granules are azurophilic and the rest are secondary granules (17, 23, 24).

Phagocytosis by neutrophil is composed of 4 interrelated phases: chemotaxis, opsonization,
ingestion, and killing (25).

Recruitment of phagocytes into the site of inflammation

Circulating neutrophils are concentrated in areas of inflammation because of the increased affinity of
endothelial surfaces, leading to attachment to the capillary wall and migration to the tissues.
Cytokines and expecially chemokines (a subclass of cytokines) like IL-8 (the neutrophil chemotactic
factor) produced by macrpphages and epithelial cells, and formyl-Met-Leu-Phe, a peptide produced
by bacterial cells, recruit neutrophils and other leukosytes into the site of inflammation (26).
Chemotaxis can be defined as the ability of motile cells to recognize and respond to a suitable
chemical gradient with directional migration. Both factors influence the accumulation of
inflammatory cells at an infective focus (4).

When the complement system is activated and C5a-polypeptide is released into the circulation. As a
very powerful chemoattractant it initializes the recruitment of phagocytic cells to the site of infection
and APC cells to the lymph nodes (4).

Bacteria in the site of inflammation elaborate chemotactic signals like peptides, with
formylmethionine as an N-terminal residue. This structure is the initiation amino acid in bacterial
protein synthesis, totally lacking from eukaryotic cell protein synthesis, a certain marker for bacterial
metabolism in the host’s systems (4).

Phagocytic cells have high-affinity receptors for chemoattractants. Ligand binding leads to
intracellular signal transduction, resulting in increased motility and target attachment. As a
consequence, the phagocytic cell activates the mechanisms essential in phagocytosis and killing. The
moving neutrophil has a specific, dynamic morphological feature caused by actin and myosin
filaments. Along the other structural proteins in the cell, they provide the structural support and
dynamic forces needed for cell movement in the correct direction (27-29).
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Attachment to the microbe

Phagocytes can recognize and attach to their targets by directly recognizing either the structures of
the cell surface or specific molecules, opsonins (Greek opsonein to prepare food for), attached to the
surface, like complement components and antibodies. The function of opsonins is to react to
microorganisms and make them more susceptible to ingestion by phagocytes. The virulence of many
pathogens relates in part to their ability to evade phagocytosis by virtue of certain surface antigens.
Microorganisms with the antiphagocytic surface factors include pathogenic species like
Streptococcus pneumoniae, group of B Streptococci, Klebsiella pneumonia and Bacillus anthracis. A
large variety of receptors recognizing different microbe antigens and opsonins are required in the
process of phagocytosis.

The recognition is done by the lectin like structures in the phagocyte receptors, recognizing sugar
residues like galactose, mannose, beta glucan, lipoprotein or lipopolysaccharide (LPS). (30-34).
Immunostimulants, the surface molecules on the microbes, typically form repeating structural
patterns (PAMP), recognized by the pattern recognition receptors (PRR) including complement
proteins in blood and toll-like (TLR) and nucleotide-binding oligomerization domain receptors
(NOD) (2, 4, 35).

TLR are transmembrane proteins found in both the plasma membrane and intracellular membranes,
especially expressed by phagocytes like neutrophils, macrophages and dentritic cells. The immune
response in mammalians is usually triggered by TLR. They recognize the common products of the
microbes, like LPS and bacterial DNA. Activation trough TLR triggers a signal transduction cascade
leading to the transcription of genes required in immune responses.

Similar to TLR in function but with different specificity to ligands are the intracellular NOD, which
recognize the bacterial cell membrane particles (2).

A Glycosylphosphatidylinositol (GPI) linked membrane protein CD14 forms a major binding site for
LPS. The bindings of the LPS to the CD14 trigger a formation of CD14/CR3 complex, reported to
dissociate after neutrophils attach to their substrates. It has also been reported that CD14 affects LPS
mediated signaling in leukocytes through the formation of TLR 4/CD14 (2, 36).

Because some bacteria twine inside protective capsules, protecting them from direct recognition by
phagocyte receptors, the complement system and antibody mediated attachment of phagocytic cells
plays a more important role.

Neutrophils have receptors for Fc- part of antibodies. FcyRI IIT recognizes 1gG class antibodies and
FcoR IgA class antibodies on the target surface.

The most important complement receptors (CR) participating in phagocytosis are CR1 (CD35)
recognizing C3b (and C4b) and CR3 (CD11/CD18) recognizing iC3b. CR1 is also present in plasma
in a soluble form (sCR1). There is also a receptor for C1g component (C1q receptor or Collectin
receptor) recognizing collagen-like structures in C1q and in other similar collectins like MBL in
serum (2, 4, 30-34).

On the human cell surface, mannose residues are covered with other sugars, and mannose receptors,
in principle, only recognize bacterial cells by uncovered mannose structures on their membranes.
The efficiency of phagocytosis is increased when the target cell is opsonized with several different
factors. Different opsonins attach differently to their targets. C3b binds covalently with the thioester
bond and IgG noncovalently. C3b is rapidly inactivated to form iC3b, indicating a more vital role for
CR3 in phagocytosis, whereas CR1 has a more important task in collecting and transporting targets
covered with C3b into the vicinity of the phagocytic cell (37).

Since the alternative complement pathway is present in nonimmune individuals and is not dependent
on the presence of the anti-capsular antibody for its action, it has been considered to play an
important role in critical stages of infection prior to the production of a specific antibody. This is also
the stage where surface phagocytosis is considered the most important. In surface phagocytosis,
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encapsulated bacteria are trapped between leukocytes and tissue surfaces or along with leukocytes in
the interstices of the fibrin cloth (3, 10).

In the addition of alternative complement pathway activation, collectin binding also enables target
opsonization in primary encounters.

Ingestion

Once a particle or microorganism has been adequately opsonized, the machinery of cellular
membrane locomotion is activated. Since energy for this process is provided by anaerobic glycolysis,
phagocytosis can take place even in the anaerobic interior of an abscess. The movement of
pseudopodia (the temporary cellular projections of neutrophil) around microorganisms requires actin
and myosin microfilament activity. Ingestion requires interaction between opsonic ligands
distributed homogeneously over the surface of the particles to be ingested and the receptors on the
phagocyte membrane. This sequential interaction results in the circumferential flow of the phagocyte
membrane around the particle, “zipping it up”. Following ingestion, the particle is invaginated by the
cell membrane forming phagosome. Cell pseudopodia fuse on the distal side of the material being
ingested and the particle becomes encased within a phagocytic vacuole (phagosome). The
phagosome buds off from the cell periphery and moves towards the center, apparently through the
mediation of microtubules (3, 4). Shortly thereafter, lysosomes fuse with the phagosome to form a
structure called the phagolysosome. Degranulation is the process of fusion of lysosomes and
pahgosomes with the subsequent discharge of intra-lysosomal contents into the phagolysosome.

Respiratory burst

The term respiratory burst (RB) describes a metabolic pathway, dormant in resting cells, the function
of which is to produce a group of highly reactive antimicrobial agents by the partial reduction of
oxygen. RB occurs with any perturbation of the cell membrane of the neutrophil and is independent
of the process of ingestion (14, 16, 17, 23, 38-40) (VI, VII). There are four components of RB: the
increase in oxygen consumption, superoxide (O,") production, H,O, production, and hexose
monophosphate shunt activation (Figure 2). The mechanism of the RB is as follows: (1) Contact with
a particle with the neutrophil membrane activates a membrane-associated flavoenzyme system
currently referred to as NADPH oxidase. (2) NADPH oxidase catalyses the one-electron reduction of
oxygen (O,) to superoxide (O;"), using NADPH as an electron donor. Two superoxide molecules
combine in the presence of the enzyme superoxide dismutase (SOD) to form hydrogen peroxide
(HzOz):

0"+ 0"+ 2H" - 0, + Hy0,

(3) Myeloperoxidase (MPO) is deposited by degranulation into phagocytic vacuoles, where it, in the
presence of H,O, and halide, catalyses reactions leading to the formation of further reactive oxidants
such as hypochlorous acid (HOCI) (Figure 2). MPO is a peroxidase enzyme claiming to play a
fundamental role in the oxidant production and thus in the antimicrobial activity of neutrophils (17,
23, 38, 41-46).

H,O, +CI" — HOCI + H,0O

(4) Superoxide that escapes from the phagocytic vacuoles is reduced to H,O, at an enhanced rate by
SOD. Cytoplasmic H,0, is detoxified by the catalase and glutathione peroxidase-glutathione
reductase system. Both the superoxide-forming NADPH oxidase and the glutathione system generate
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NADP" in the course of their activity. NADP" is converted back to NADPH by the hexose
monophosphate shunt (3, 47).

Degranulation

The destruction of microorganisms by neutrophils is intimately associated with the process of
degranulation, the release of the granule contents into the phagosomes. There is also firm evidence
that degranulation takes place in the cell exterior.

Multiple factors like proinflammatory cytokines, during the immune response, physical stress,
temperature changes, some antigoagulant types and isolation can trigger the neutrophil degranulation
(32). Degranulation is an active process and requires energy expenditure by the cell and thus an
impairment of the normal metabolic pathways of the neutrophil (Figure 2). Especially the oxygen
consumption of glucose through the hexose monophosphate shunt interferes with degranulation and
subsequent intracellular killing (48-50).

There are a variety of classifications for different neutrophil granules and vesicles. According to
Faurschou and Borregaard (2003), human neutrophils contain 3 major types of granules and
furthermore secretory vesicles. Primary granules (azurophilic granules) contain abundant hydrolytic
lysosomal enzymes, large amounts of MPO, lysozyme, defensis, and serine proteases elastase and
cathepsin G (48-53).

Secondary (specific) granules appear as the promyelocyte matures to a myelocyte in the bone
marrow. They are smaller than primary granules, stain poorly (neutrophilic), and later outhumber
primary granules in the mature neutrophil. Secondary granules contain NADPH oxidase, alkaline
phosphatese, lysozyme and collagenase. The third type of granules, also referred to as tertiary
granules, contain gelatinase and cathepsin (48-50).

As phagollysosome is formed after microbial engulfment, neutrophil granules undergo violent
movement in proximity to the phagolysosome, fuse with the phagocytic vacuole, and disappear from
the cytoplasm (degranulation). Somewhere between the stages of attachment and digestion the
membranes of specific granules are fused with the phagolysosomes. As a result, lactoferrin and
lysozyme are allowed to enter the extracellular space. Azurophilic granules fuse slightly later. As
with chemotaxis and ingestion, microfilaments and microtubules appear to be important for the
fusion of phagoslysosomes and granules to occur (48-50).

Killing

The mechanisms by which neutrophils kill microorganisms are not fully understood. However, it is
clear that multiple interlocking microbial systems are present. The subject is controversial and under
continuous debate (14-17, 25, 54). According to traditional textbooks, the antimicrobial mechanisms
of human PMN can be divided into two broad categories: oxygen-dependent and oxygen-
independent (Table 2) (3, 4, 10).

A. Oxygen-dependent systems: Oxidative mechanisms can be divided into MPO-mediated and
MPO-independent systems. The MPO system has been proven to participate in oxygen-dependent
antimicrobial processes in phagocytes (14-17). However, studies have revealed that up to 0.025 % of
the general population has total or subtotal MPO deficiency, meaning neutrophils do not contain
MPO, and yet these individuals do not exhibit a predisposition to infections (17). Furthermore,
macrophages do not produce MPO and they prominently kill microorganisms. The primacy of MPO
in oxidative killing is open to questions (4).

Oxygen-dependent but MPO-independent killing clearly takes place, although the mechanisms are
still under wide dispute. The established views are challenged by suggestions that the main role of
NADPH-oxidase is not the production of superoxide (Figure 2) but the enabling of the solubilisation
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of elastase and gathepsin G by increasing osmolarity by the polarization of the phagolysosomal
membrane, allowing higher influx of potassium ions (25, 54).

NADPH + O, NADP* + H*

Cytosol

Phagolysosome

SOD Dz/.

or spontaneous reaction

Neutrophil
Cytosol

Phagolysosome

Granules

Degranulation Bacteriu m

Figure 2: Simplified representation of phagocytosis. The figure shows the respiratory burst and
oxygen-dependent killing reactions (55). (1) NADPH oxidase function, (2) Production of H,O, from
superoxide, catalysed by the superoxide dismutase (SOD), (3) Myeloperoxidase (MPO) reaction, (4)
Oxygen-dependent killing, (5) Principle of phagocytosis.

The second theory, also followed in this book, is that because actual bacterial killing takes place in
phagolysosome at increased pH (pH near 8), the chlorinating activity of MPO would be absent and,
moreover, the H,O, concentration in phagolysosome would be high enough to support the bacterial
killing (V).

Oxygen-dependent killing
1. MPO-mediated systems
As mentioned in the previous section, the importance of MPO in bacterial killing in phagocytes is
controversial and to date this has not yet been clarified. MPO is found in the azurophilic granules of

neutrophils, and it is the most abundant protein produced by these cells, counting up to 5 % of their
dry weight. In conjunction with the H,O,, the oxidizable halide factor, and the acidic pH, a potent
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antimicrobial system is developed in the pahgolysosome, which has antibacterial, antifungal,
antiviral, and antimycoplasmal capabilities.

Seymor J. Klebanoff first reported the system in 1967, and it has been widely confirmed since that
the incubation of bacteria with H,O,, MPO and halide, like CI" ion in acidic or neutral pH results in
efficient killing at nanomolar scale H,O, concentrations (VI). The killing capacity is dependent on
the number of bacterial cells used in the reaction. In the same circumstances without MPO, similar
killing is achieved with tenfold H,O, concentration. MPO catalyzes the oxidation of halide ions to
hypohalide ions by H,O, (Figure 2 and 3) (15-17, 23, 38-40)

There are a number of potential mechanisms whereby “activated halide” might damage
microorganisms, including the halogenation of the bacterial cell wall, the decarboxylation of amino
acid with the release of toxic aldehydes, and production of singlet oxygen (Figure 3).

Table 2: The antimicrobial mechanisms of human polymorphonuclear neutrophils (PMN) can be
divided into two broad categories: oxygen dependent and independent

Antimicrobial Systems of the PMN

Oxygen-dependent
MPO-mediated
- MPO
- H,0,
- Oxidizable cofactor (usually a halide)

MPO-independent
- H202

- Superoxide anion
- Singlet oxygen

- Hydroxyl radical

Oxygen-independent
- Cationic Proteins
- Lactoferrin
- Lysozyme
- pH
- Nuclear histone
- Elastase
- Gathepsin G

Under ordinary circumstances, the H,O, utilized in this system is considered to arise from the RB.
With deficient H,O, production (eg. chronic granulomatous disease [CGD], a genetic disorder
leading to the total deficiency of NADPH-oxidase), certain microorganisms may paradoxically
provide the H,0,, which mediates their own killing (10). Among these are pneumococci and other
streptococci. These bacteria are classified as Lactobasillaceae; their terminal oxidations are
catalyzed by flavoproteins, which reduce oxygen into H,O,. Because they lack catalase, H,O,
accumulates and can be used in killing reactions. This may explain why patients with CGD show no
particular predisposition to streptococcal infections (2, 10).

Chloride is present in the neutrophil at a level considerably above that required for participation in
MPO-mediated reactions. The concentration in phagolysosome is reported to be 70 mM or less (24,
56). Chloride could enter the phagocytic vacuole along with the phagocytosed particle or could be
transferred across the membrane of the phagolysosome. HOCI is widely recognized as a highly
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effective antimicrobial agent (Klebanoff 1968, Dettenkofer, Hauer & Daschner 2004, LeChevallier,
Cawthon & Lee 1988, Kaatz et al. 1988). Bromide (35 uM in plasma) can also participate in the
formation of the hypohalide acid (57). Another logical halide participant could be iodide, provided
either directly from serum (serum concentration < 0.8 nM) or by the deiodination of the thyroid
hormone, membrane bound in both neutrophils and bacteria (57).

The conventional view is that the MPO-H,0,-halide system would be essential in killing because of
the surplus amount of MPO present and because the formed hypohalide is a powerful antimicrobial
agent. The MPO-H,0,-halide system killing is pH-dependent (optimum at pH 5.0-6.0), and the
peroxidase activity of MPO is halted at higher pH values (pH 7.7-8.0)(58-60). During phagocytosis,
the pH in the phagolysosome first increases and then gradually decreases. In human neutrophils, the
increase to 7.8-8.0 takes place during the first 20 to 30 minutes due to the fact that the dismutation of
suoperoxide anion to H,O, consumes H* during the RB (25, 61-64). This is one piece of evidence to
support the theory that the MPO-mediated system is not responsible for the actual killing (V1).

Singlet oxygen (*O,) has the same molecular formula as the atmospheric (triplet) oxygen (O), but it
differs in the distribution of electrons around the two oxygen nuclei. There are several potential
sources for singlet oxygen during RB:

1. OCI’, a product of the MPO reaction, is known to react with H,O, to produce singlet oxygen:

oCl + H,0, — 0, + CI' + H,0

2. The reaction of superoxidase (O,") with H,O, can produce singlet oxygen and hydroxyl radical.
This reaction (Haber-Weiss reaction) is strongly catalyzed by iron and lactoferrin.

0, + H,0, — 0, + OH + OH’

3. Spontaneous dismutation of superoxide (in the absence of superoxide dismutase) may produce
singlet oxygen.

20," + 2H" — 0, + H,0,

The lifetime of singlet oxygen is short, with the dissipation of energy by light emission, thermal
decay and chemical reaction. Singlet oxygen has a particular propensity to react with double bonds
and would be lethal to any biological system that is contacted. Among other oxidizing species in
neutrophil, like H,O, and O, singlet oxygen can also produce a low level burst of light
(chemiluminescence [CL]) by phagocytizing PMNs. The emission of light from the H,O, and O;"
reaction products occurs at all visible wavelengths. In contrast, the singlet oxygen transition to
atmospheric oxygen produces a characteristic red light emission. The standard tests of leukocyte CL
reflect only a nonspecific accompaniment of the RB and do not prove the presence of singlet oxygen
(3, 10, 14, 16, 17, 23, 38-40).

Numerous individuals have been identified with MPO-deficient PMNs. The bactericidal activity of
MPO-deficient PMNSs is characterized by a lag period, but the killing of the majority of the ingested
microorganisms is eventually complete. Obviously, other mechanisms for killing the invading
pathogen exist.
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Figure 3: MPO complex formation (left) and products of the MPO-mediated antimicrobial system
(right) by Klebanoff (23, 39).

2. MPO-independent systems

At high enough concentrations, H,O, has direct antimicrobial activity. In addition, it may act in
concert with ascorbic acid and certain metal ions to kill ingested microorganisms by nonenzymatic
means. During the actual killing in the phagolysosome the pH has actually increased to near pH 8,
where the MPO chlorination activity is absent and is no longer enhancing the killing. We have
shown that H,O, concentration in phagolysosome alone, without MPO, is able to kill one bacterial
cell (V1) (60). Some microorganisms are more susceptible to H,O, than others, depending on their
ability to produce catalase or peroxidase (3).

A direct toxic effect of superoxide anion on microorganisms has been postulated. However, many
microorganisms contain superoxide dismutase and would be expected to resist the action of this
radical in phagolysosome. Actually the H,O, formed from superoxide anion has greater microbicidal
potential when employed as a component in the MPO-mediated system. Superoxide anion is only
weakly bactericidal (14-17, 38, 46).

Singlet oxygen is reportedly present in reduced amounts in MPO-deficient PMNSs. It is possible that
the radical comes about as a by-product in the spontaneous dismutation of superoxide (14-17, 38,
46).

Hydroxyl radical, formed by the interaction between the H,O, and the superoxide anion, may be
formed in the leukocyte by the Haber-Weiss reaction. Alternatively, superoxide may have to react
with an intermediate peroxy-compound before OH' is produced. The hydroxyl radical is a highly
unstable oxidizing species that reacts almost instantaneously with most organic molecules that it
encounters. It is best known as one of the major products resulting from the passage of ionizing
radiation through water and has been implicated in the toxicity of radiation for tissues (14-17, 38,
46).

Systems of microbicidal activity that are independent of the RB (Figure 8) include those based on
cationic proteins, lactoferrin, lysozyme, nuclear histones, elastase, and production of acid in the
phagolysosome. Nonoxidative microbicidal mechanisms are of obvious importance, because ceratin
microorganisms can clearly be killed by neutrophils under anaerobic conditions (eg. Pseudomonas
aeruginosa, Candida parapsilosis, and anaerobic bacteria) (3).
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Oxygen-independent killing

Cationic proteins from azurophilic granules, like defensins, were the first antimicrobial substances
defined in neutrophils. Cationic proteins are rich in arginine, they are the most effective at neutral pH
and they rapidly affect the ability of microorganisms to replicate without destroying their structural
integrity. Separate cationic protein subclasses demonstrate specificity for certain classes of
microorganisms. The susceptibility of gram negative (gram (-)) microorganisms to lysis by
neutrophils is related to the amount of polysaccharide in the outer cell envelope; smooth strains may
be more difficult to kill than rough strains (3, 48-51).

Lactoferrin from specific granules may exert an antimicrobial function by binding and withholding
required iron from ingested bacteria and fungi that depend on iron for their existence. Lactoferrin is
also discharged into the extracellular medium during phagocytosis so that lactoferrin may exert a
substantial proportion of its effects outside the phagocyte. Impaired bacterial killing by neutrophils
can be associated with lactoferrin-deficient neutrophil granules. (3, 48-51).

Lysozyme, present in both primary and specific granules, damages bacterial cell walls by catalyzing
the hydrolysis of 1,4-beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine
residues in a peptidoglycan. Bacteria intrinsically insensitive to lysozyme become sensitive to it in
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the presence of the complement or ascorbic acid and H,O,. Because bacterial death often precedes
the action of lysozyme, this enzyme may serve in a digestive rather than microbicidal capacity (3,
48-51).

After RB (60 min after ingestion), pH in phagolysosome falls rapidly to pH 4.5-5.0. Acidification
appears to enhance the function of some antimicrobial enzyme systems, like MPO-H,0,-halide and
lysozyme. As mentioned above, the actual killing chronologically precedes the acidification, so its
role as an MPO system activator is adverse.

The ideal pH for cationic proteins is neutral or slightly alkaline. Some bacteria are killed directly by
organic acids in an acidic medium or by lipophilic acids.

These substances are released into surrounding tissues after death and autolysis of the cells, and they
possess direct antimicrobial activity (3, 48-51).

Granulocytes contain a variety of proteases that are active at neutral pH (eg. cathepsin G, serine
esterase, elastase). These substances may be more important for antimicrobial reactions and
ingestion than has previously been considered (3, 25, 48-51).

As noted previously, serum factors promote the phagocytic killing of microorganisms by their
opsonic function. The active complement system is still operating on the bacterial cell surface during
the ingestion and in phagolysosome, augmenting the bacterial destruction (2, 3).

Extracellular release of granulocyte constituent

RB is activated by the perturbation of the neutrophil membrane independently of the process of
ingestion. Moreover, specific granules may discharge their contents outside the cell during
phagosome formation. The fungal mycelial element, clearly too large to be completely ingested by
human neutrophils, can still be killed by a process that includes the spread of neutrophils over the
mycelial surface, RB activity with iodination of the fungal surface, and partial neutrophil
degranulation.

Exocytosis of granulocyte contents is apparently a common phenomenon and may play a more
important role than merely the killing of attached, uningested microorganisms. For example, the
MPO-halide system is capable of inactivating a variety of chemotactic factors (C5a, synthetic
chemotactic peptides, and bacterial chemotactic factor), thus modulating the inflammatory response.
The same system also inactivates proteinase inhibitors in the locale of the PMNSs, thus allowing
proteases released from the phagocytes to more readily damage the connective tissue structure.

The oxidative stress caused by inflammation and mediated largely by the intermediates released by
neutrophils are claimed to be causative factors in conditions like cardiovascular diseases and
diabetes. Especially the extracellular MPO is pointed out to participate in these events (65-70). This
same extracellularized MPO can have an important role, since there is a report of macrophages
actually utilizing the MPO produced by neutrophils in their bacterial killing (71).

2.2 Bacterial growth

The factors involved in the reproduction of bacteria are both numerous and complex. The complex
molecules provided by the medium in which the bacteria are growing are broken down, and from the
resulting simpler substances the bacterial cytoplasm and membrane is synthesized. In spite of the
different processes concerned, the multiplication of bacteria under favourable conditions tends to
take place in a regular manner, and, after inoculating a fluid medium with bacteria, the bacterial
number can determine the various stages of growth at regular intervals. By such means it is possible
to examine the effect of various factors on the rate and degree of bacterial growth in vitro.
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Knowledge of the factors influencing bacterial multiplication in vitro is valuable, because it throws
some light on the development of bacteria in vivo (3, 72-79).

An organism, whether being a bacterium or not, has an identity specified by its genetic make-up and
largely functioning by the virtue of the enzymes it contains. For the individual and the species to
survive and be perpetuated, the specification and the functional system must be maintained and
reproduced. Growth can be considered at the level of an individual cell or at that of the population,
although the latter depends on the former. When one organism becomes two, everything has been
duplicated: the amount of cell wall, of the membrane, of ribosomes, the DNA, the RNA, the proteins,
the other cytoplasmic constituents such as the ions, amino acids and intermediates of metabolism.
Essentially a bacterial cell increases to double its size and then divides into two (72, 73).

Because of the small size of the bacterial cell, in vitro growth is usually investigated by measuring
the growth of a larger population of bacterial cells cultured in liquid media. Bacterial growth in the
medium is normally determined by using spectrophotometry, determining turbidity “cloudiness” of
the medium (80, 81) (I1). This means the measuring of the intensity of the light passing through the
bacterial cell suspension; the more cells in the suspension, the higher the turbidity and less light
passing through the suspension. This optical density (OD) measurement provides real time data from
the patch culture growth, but the calibration curve is needed to convert the turbidity reading to a
number of bacterial cells in the suspension (80, 81) (I11) Moreover, the turbidity does not differentiate
between viable and dead bacteria. The viable count, i.e. the number of living bacteria in the medium
at a certain time point is traditionally determined by plating a standard amount of the serial decimal
dilutions of the suspension. After incubation at the optimal temperature for at least 12 h (often 24-48
h), depending greatly on the species used, the total number of colonies on plates containing a
countable number is obtained and an average made after the dilutions have been adjusted. In this
manner, the number of living organisms per ml can be estimated with a moderate degree of accuracy.
Counts of the total number of cells in a definite volume of the sample can also be defined using flow
cytometry or a microscope with different cell counting chambers. These methods, with proper cell
staining, can also differentiate between viable and dead cells (80, 81) (11).

The growth curve (Figure 5) of a population culture can be plotted as growth versus time. The Y-
axel is usually the number of organisms (in the log scale) but can also be mass or some other index,
indicating the growth of the organism in question (72, 73, 80-82).

After seeding the inoculum in fluid media, the growth starts with the increase in cell size without the
immediate increase in the cell number when bacterial cells are introduced to the fresh culture
medium with proper nutrients. During this lag phase (Figure 5), new essential components, prior to
the cell division including ATP, essential cofactors, membrane lipids, ribosomes and DNA are
synthetized (72, 73). The lag phase represents the adjustment of the bacterium to changes in the
environment. The variations in the length of the lag phase are considerable depending on the nature
of the medium and the condition of the microbe. Metabolic activity per cell increases during this
period and reaches a maximum value late in this period or early in the next growing phase (72, 73).
The next phase is the stage of the most rapid multiplication, which determined the logarithmic phase
(log phase) (Figure 5) or exponential growth phase. During this phase, microorganisms are growing
and dividing at the maximal rate possible. The rate of multiplication remains constant. The time
taken for the number of organisms in a culture to double is called the mean generation time (72, 73).
This is the time required for each bacterium cell to divide into two daughter cells, being the same
troughout the generation time. That is, the microorganisms are dividing and doubling in number at a
regular interval. The exponential growth rate is determined to a great extent by three factors: the
temperature of incubation, the nature of medium and the species of bacteria (72, 73). Generation
time varies greatly between bacterial species, as E. coli may multiply as rapidly as once every 20
min, while the tubercle bacillus has a generation time of many hours (72, 73). In the vigorously
growing exponential growth phase, the microbe population is the most uniform and viable in terms
of chemical and physiological properties, and this is why a biochemical study usually uses cells from
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exponential phase cultures (72, 73). Another reason for this is, especially in the case of antimicrobial
analysis, that the cells late in the lag and early in the log phase are generally more sensitive to heat
treatment and to the chemical agents than the cells from more mature cultures, a behaviour referred
to as the “physiological youth” of the cells, ascribed already in 1923 by Sherman and Albus (72, 73).
They also demonstrated that the cells are generally much larger during the early phase of growth
than those from the parent culture. At the end of the exponential phase, the rate of multiplication
decreases and the average generation time increases. The organism continues to increase in number
but at a slower rate (Figure 5).

Indefinite growth in batch culture is not possible, and the log phase is followed by a period in which
the viable count remains steady; this is consequently termed the stationary phase where bacterial
population has normally attained the level of about 10° cells/ml (83, 84). During the stationary
period, the net value of the population cell number stays constant (Figure 5), which means that the
number of bacteria dying balances the formation of fresh forms or the population remains
metabolically active but ceases to divide (72, 73, 82, 85). The reason for the marked decrease in the
multiplication of the bacteria growing in the closed system depends on the exhaustion of nutrients, as
in the development of each new generation the demand for building materials and energy
theoretically doubles. Other reasons for the decrease in the rate of multiplication are the production
of noxious metabolic substances and the gradual lack of oxygen in the case of aerobic bacteria (74,
86-88).

Figure 5 illustrates behaviour during the growth of bacteria in a mixed medium with multiple carbon
sources, representing the adaptation by the bacteria to environment. E. coli, for example, in a
glucose-arabinose medium, exhibit a double growth cycle. The curve consists of two exponential
phases of growth separated by a phase during which the growth rate passes through the minimum.
After a lag, E.coli grew in the glucose-arabinose medium until all the glucose has been utilized. A
second period of lag was observed, and then growth was reinitiated and arabinose was utilized, the
concentration of sugars being such that the extent of growth upon each substrate was limited by this
factor. This phenomenon is explained on the basis of one sugar (or other substrate) inhibiting the
formation or function of the other and is called diphasic growth (Figure 5) (72, 73). When growth is
limited by the exhaustion of the carbon source, it is frequently possible to resume growth more or
less immediately by further addition of the substrate — even after the culture has been in the
stationary phase for many hours (72, 73, 86). This soon results in a culture that is growing
exponentially (Figure 5).

The constitution of the bacterial cell is determined to considerable extent by the medium in which it
is growing. A “rich medium” is one that provides many substances, such as amino acids, purines,
pyrimides and bacterial vitamins, which would otherwise have to be synthetized. This kind of
environment tends to cause cells to grow more rapidly and to be larger than in a poor medium.
Merely altering the carbon course from one substance to another may provoke changes in the mean
generation time and the size of cells. Sometimes one substrate (e.g. glucose) is preferred to another
(e.g. arabinose), and organisms will grow exponentially in the presence of both, using only one until
it is exhausted and then, after a short lag, using the other but with a different generation time and
yielding cells of different size and composition (72, 73, 86).

The final state is one of decline; the number of viable forms gradually decreases until all are dead.
The death rate of the bacterial cell population may or may not be logarithmic depending on different
environmental factors, such as the used growth medium and the microbe involved. Usually most of
the microbial populations die in a logarithmic fashion (72, 73, 86, 89). The death curve may be
complex, because after the fast reduction of the main part of the population, there can be a small
population of particularly resistant cells, which can be one reason for the death curve complexities.
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Figure 5: American microbiologist R.E. Buchanan defined a more detailed division of the growth
periods in 1918 as follows.

a. Initial Stationary Phase. — During this phase, the number of bacteria remains constant. Plotting
the results on the graph the curve gives a straight horizontal line. a-b. Lag Phase During this phase,
the rate of multiplication increases with time. b-c. Log Growth Phase. — During this phase, the rate
of multiplication remains constant. This means that the generation time is the same throughout. c-d.
Phase of Negative Growth Acceleration. — During this phase, the rate of multiplication decreases.
The average generation time increases. The organism continues to increase in number but at a
slower rate than during the Log Growth Phase. d-e. Maximum Stationary Phase. — During this
phase, the number of living organism remains constant, i.e., the death rate equals the rate of
increase. e-f. Phase of Accelerated Death. — During this phase, the numbers fall with increasing
rapidity. The average rate of death per organism increases to a maximum. f-g. Logarithmic Death
Phase. — During this phase, the rate of death is constant.

2.3 Bacterial viability

We are interested in controlling bacteria and other microorganisms since their activities so directly
influence our welfare. Knowledge on bacterial viability is of the essence when we attempt to provide
favorable conditions for their activity and survival in the industry or as probiotics in our food. On the
other hand, we need to understand bacterial cell death in trying to destroy them when they are
threatening our lives, food supplies or other possessions or when we want to use them as test
organisms in antimicrobial assays (72, 73, 75, 82).

The determination of the viability of the cell constantly being stressed by different environmental
factors is an important part of microbiology and immunology. It is also very controversial, since a
bacterial culture consists of both living and dead bacterial cells in dynamic balance. The viability is
conventionally defined as the capability of cells to proliferate in sufficient medium or form plagues
or colonies on solid agar, containing appropriate nutrition and physical conditions.

The colony counting assay traditionally estimates bacterial viability and killing, and a number of
methods have been employed for the propagation of cultures from single cells. Most of these are
laborious and time-consuming and exclude the kinetical real-time assessment because of the long
incubation period. It must be emphasized here that viability and culturability are not necessarily
synonyms, but of course most certainly the dead or dying bacterial cells have lost their culturability,

29



irreversibly. A plate counting assay does not indicate the viability of the individual cells in a
population, but it merely shows that in this population there were cells capable of division and
growth (86, 90-98).

The definition of viability is actually quite imprecise and full of controversy for several reasons.
Though most bacteria are able to multiply in nature under a large variety of conditions, a detailed
study of their activity is only possible by the examination of the growth characteristics under
artificial (laboratory) conditions, and a wide range of bacterial species does not grow in these in vitro
circumstances (99, 100) (II). A species is maintained in the laboratory by storing the cells in the
deep freeze or under conditions the most suitable for their survival and by transferring to fresh media
when necessary. Under natural conditions a species maintains itself by continuous multiplication, a
balance being established between the rates of death and multiplication. This balance can be easily
upset by stress, by changes in temperature, pH, osmolality, pressure, moisture, availability of oxygen
and nutrients or by the addition of inhibitory agents (98, 98-102) (I1).

This agent may be competition with other species and other factors encountered in the
environments, or it can be a toxic agent such as antibiotic or some other toxin or dilution. The
population balance is highly dynamic, shifting with changing conditions, but the species survives
owing to the existence of the various cycles of the elements maintained in the mixed populations of
micro and macro forms of life. Constituents of any one cell in time serve as nutrients for other
members of the same or of different species (72, 73, 86).

Like the definition of viability, the definition of dead bacteria is also very multifaceted (86, 103-
105). The absence of growth and metabolic activity in bacterial cultures or subcultures has
traditionally been employed as the criterion of bacterial cell death and the result of bactericidal
activity. This was discovered after German physician Robert Heinrich Herman Koch’s development
of pure-culture techniques in 1881. Controversially we know that viable bacteria can be dormant and
unculturable, that is, they are unable to grow in the given circumstances but are not dead. Moreover,
dead bacteria can generate signs of metabolic activity (86, 103-105) and produce secondary
metabolites inactively by diffusing the dissolved compounds into the surroundings (105-109). The
decomposition of the cell population, the decrease of the cell integrity is also considered one clear
indication of the cell death. However, a dying bacterial cell can maintain its bacterial integrity for an
undefined time period, depending on the different environmental factors, and the cell lysis is not
always a part of bacterial cell death (86, 103, 105, 109). In some circumstances, viable and culturable
species can alter to a viable but non-culturable (VBNC) state. These bacteria are still metabolically
active and very much alive but have ceased to proliferate, however, metabolic activity is detected to
change, concerning the decrease in cell morphology (alteration in the cell shape and the reduction in
cell size) (74, 77, 110), in cell respiration, in nutrient transport and in the synthesis of
macromolecules. This usually occurs when the environmental factors are not optimal for growth,
including external stress factors such as heat, dryness, osmotic pressure, etc., much the same than in
the case of spore formation in some bacterial species (90) usually to ensure the long-term survival in
altered situations. This phenomenon related to halted and suspended growth is that of dormancy,
which can be determined as a state of reversible metabolic stagnation. In this state, bacteria are
neither simply alive nor are they dead, and they are undetectable in conventional viability
assessments. In addition to the VBNC state and sporulation, bacteria dormancy can also be the result
of cell injury resulting from extra- or intracellular stress (111-113). Extracellular factors are the same
physical and chemical factors listed earlier, but the stress factors can also emerge from inside. This
phenomenon is also called the natural aging of the bacteria and is the consequence of internal
production of reactive oxygen species (ROS) (114), causing the reduction in culturability, especially
in starvation induced growth arrest (83, 115-118). To conclude, bacterial cells can actually be
classified in three different subpopulations according to their vital state — viable, dormant and dead
cells.
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These phenomena are not to be considered just random occurrences of cytological conditions, but
they are examples of programmed cellular mechanisms developed to survive in conditions not
optimal for cell proliferation (103, 105, 119, 120).

Bacterial cells can remain in the state of dormancy, due to adaptive strategy, for some periods of
time, and when spores are concerned, this period can be considerably long. Eventually, cells are
likely to resume a new growth or they will enter into the death phase. If favourable environmental
conditions are restored, viability is revived and cells are resuscitated concerning both the VBNC and
injured bacterial cells (103, 108, 111, 113, 121, 122).

2.4 Bacterial death

The death of bacterial cells can be induced by a wide variety of chemical, physical and biological
agents (38, 83, 100, 123) (II). No single group of agents can be spoken of as disinfectants. Most
chemicals in an appropriate concentration induce the death of bacteria; relatively few do so in a short
period of time and in a concentration that would be practical for ordinary use (72, 73). Agents that
extract a bactericidal effect in certain concentrations are generally inhibitory in lower concentrations
and may stimulate growth as the concentration of the agent is further reduced. All degrees of
intergradation may be observed, depending on the nature and concentration of both the organism and
the chemical agent as well as on environmental factors. To conclude, every substance, which in a
definite concentration will kill bacteria, inhibits development in lower concentrations, and in still
lower concentrations may act as a stimulant. (German physician and Bacteriologist Ferdinand
Adolph Theophil Hueppe recognized this in 1896) (82, 85). This behavior is visualized in Figure 6 in
the form of a disinfectant spectrum.

The antimicrobial effects are also described in detail in Figure 6, the disconnected lines indicating
that no sharp line of demarcation can always be established. Furthermore, the width of the different
bands for any agent varies according to the nature of the organism and the conditions of application.
The disinfectant spectrum indicates that any substances can, in certain concentrations, exert a killing
effect on bacteria. In popular usage, however, a disinfectant is considered a substance that exerts a
marked bactericidal effect in a relatively low concentration. In a more strict sense, the various terms
commonly employed for agents intended for the control of destructive microbe action, and hence of
the microorganisms themselves, can be defined as follows (44, 72, 73, 124-126). The term
“sterilization” implies the killing or the removal of all forms of life (123, 127-133).

The terms “disinfection” and “disinfectant” are used to represent the Killing process (bactericidal
action) induced by any agent (disinfectant) in vitro when employed in a suitable concentration or
intensity against bacteria or their spores, whether the organism is infectious or non-infectious in
character. The definitions can never be absolute in character, since it is theoretically possible that one
agent might be employed in a definite concentration as a disinfectant, in a lower concentration as an
antiseptic, and in a lower still concentration as a chemotherapeutical agent (72, 73).

The course on disinfection is considered an action whereby bacteria are killed in a reasonable period
of time. This period is arbitrarily set in many tests but can be varied to suit the particular study or
task. In Figure 6, increases and decreases in the number of bacteria with time are plotted for cultures
in the logarithmic phase of growth to which different amounts of a chemical agent were added at
zero time. In the presence on sufficiently small amounts of the agent, the growth curve follows the
normal pattern.
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DISINFECTION SPECTRUM

No effect | Stimulation | Inhibition Germicidal

0% *> Concentration of Disinfectant > 100%

MNormal growth

'y 2 !
Stimulation :
[
B o
[
) T
3 |
2 o
= | N
E e = s e s +’ Bacteriostatic effect
E K
=
= 1
a0 L Bacteriocidic effect
- L (reduction of viability)
I and/or
N . .
G Bacteriolytic effect
(cell lysis and reduction of viability)
Time

Figure 6: The infection spectrum is presented above and beneath is the simplified scheme of
antibacterial effects and influence of the concentration of a chemical agent on the growth and death
of bacteria (72, 73, 79, 134).

As the concentration of the test material is increased, a point is reached at which slight stimulation of
growth might be noted. At still higher concentrations the rate of growth decreases below that noted
in the control (normal growth in Figure 6) and, with increasing concentration, approaches zero, i.e.
completes inhibition but no death of the organism in relatively short periods of time. Further
increases in the concentration of the chemical results in the death of some cells per unit of time,
eventually a concentration being reached at which all the organisms are killed (72, 73).

The time course of disinfection is ordinarily determined by removing measured portions of bacterial
suspension containing the toxic agent at regular intervals of time, test conditions being maintained as
uniform as possible. When the suspension of organism is exposed to the disinfectant under uniform
conditions, not all the cells die at once. Death of bacteria in most cases is a gradual process of
measurable velocity. The equilibrium between newly formed organisms and dying cells, which was
noted in the preceding phase, may last for about an hour or be prolonged for several days. Once the
equilibrium has been disrupted and the cells start to die more rapidly than new ones are generated,
the number of viable bacteria will begin to decrease, and the stationary phase will pass gradually into
a period of decline (Figure 5, 6 and 7). This interval of slow decline may represent a short lag or
adjustment to the unfavourable environment in the medium. The process leading to death may be
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reversible by the cell after the removal or inactivation of the cause during the first state of the
process. Gradually the process becomes irreversible by the cell, but it may still be subjected to an
outside factor removing the disinfectant (Figure 8). After a time, it reaches an irreversible stage, i.e.
the cell is unable to multiply under favourable conditions although it may still possess other
characteristics associated with living matter (72, 73).

Like the lag phase and the negative acceleration phase, this period of cell number decline is
subjected to considerable variability, depending on the particular organism and the environment.
Thus an accurate mathematical analysis is difficult to formulate (72, 79). The rate at which bacteria
die when subjected to unfavourable environmental conditions or antimicrobial agents seems to
follow a gradual and a rather orderly course throughout most of the phase, with some tendency to
slow up during the later stages, as shown in Figure 5. The proper interpretation of this phase is of
importance, since it is on the rate of death of bacteria that the dynamics of sterilization and
disinfection are based. The decrease in number of viable organisms with time under relatively mild
conditions occurs gradually and generally uniformly, i.e. the number dying during any period of time
being a certain fraction of the living at the beginning of the test period (72, 73, 79).

In the study of bacterial death rates, the theory of logarithmic death has been formulated to explain
the general curve obtained by plotting the number of surviving cells against time (135-137). When
studying the action of heat, chemical disinfectants, and other unfavourable influences on the death of
bacteria, when plotted in logarithmic form, the curve shows a close agreement to the curve for the
increase in a bacterial population during its period of rapid multiplication. In the log phase, the
logarithms of the number of new cells formed from a single initial cell in a given time are
proportional to the lapse of time; in the logarithmic death phase, the logarithms of the proportion of
the cells present that die in a given interval of time are proportional to the length of that interval. In
other words, the increase and decrease alike bear a direct relation to the number of cells present at
the beginning of a unit period and a logarithmic relation to any time period of greater duration (67,
135-137). When the logarithms of the number of surviving bacteria after various lengths of time are
plotted against time, the points will be found to align in a straight line (Figure 5 and 7).

The distribution curve (Figure 5 and 7) indicates that a constant percentage of cells are killed per unit
time, which means that a straight line relationship exists when the logarithms of the number of
survivors are plotted against time. The ideal relationship is indicated in Figure 6; actually, deviations
from the logarithmic order of death are frequently noted. Typical deviation observed in the studies of
bacterial killing include the increase or decrease of the death rate with time, the former often
resulting in a marked lag period in death followed by an exponential phase (72).
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Figure 7: Plots of (A) the numbers of survivors, (B) logarithms of survivors, and (C) numbers of
cells killed per unit of time against time (72, 73, 79).
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We know that bacteria of different ages, or cells from cultures of different ages, differ in their
susceptibility to the given agent. It has been reported that young cells are more readily destroyed
than older ones (82, 135-138). The logarithmic dying pattern of bacterial cell populations can also be
explained by this finding. The youngest population in a patch culture is the largest one whereas in
the logarithmic dead phase the first dying population is the largest (Figure 7). This phenomenon can
be dictated by the cytological resiliency of mature cells, forming more effective resistance than
younger cell populations. The degradation of a particular population, proceeding in an orderly
manner also brings up the question of programmed cell death (PCD), i.e. bacterial apoptosis (135-
137, 139-141), although apoptosis has conventionally been outlined as the characteristics of only the
eukaryote cell. PCD refers to any given form of cell death that is commenced by the intracellular
death program, irrespective of the triggering factor. Apoptosis is defined as a reaction pathway,
which makes the self-destruction of damaged or excessively growing cells possible on the animals.
PCD has also been observed with bacteria. It has been thought that PCD has been formed generally
as population response and control of the environmental stress factors. Triggering factors are partly
the same as in the case of sporulation and dormancy, like disinfectants, heat, pressure, osmotic stress,
DNA damages, oxidative stress, phage infection and the evasion of immune systems like
complement and lysozyme (142) (1, 11). The same stimuli also cause PCD on yeasts and mammals.
For bacteria, as a unicellular organism, PCD is harmful for individual cells, but the advantage
appears through the whole population, and in this sense the bacterial cells and the population act like
a multicellular organism.

The most examined PCD mechanism of the bacteria is a so-called addiction module assisted cell
death in E.coli, which is also called a toxin-antitoxin-system (TA). Here the gene pair produces two
components: stable toxin and unstable antitoxin, preventing the lethal operation of the actual toxin.
These genes were first found in low copy number plasmids of the E.coli where they are responsible
for the post-segregational effect. When a bacterium loses this plasmid, they will selectively die. This
is due to the fact that the unstable antitoxin breaks faster than the more stable toxin. In E. coli, the
mazEF TA-system is known to activate in starvation, and the PCD population is thought to provide
nourishment for the surviving cells. MazEF is also known to activate in the case of phage infected
E.coli cells, and PCD is believed to prevent the spreading of the phage infection throughout the
whole population (139).
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Disinfection studies are generally carried out under relatively drastic conditions with regard to the
concentration or intensity of the lethal agent, and death follows in relatively short periods of
exposure (I, I1). Minor differences in the resistance of individual cells are not detected. As the
concentration of the lethal agent is decreased under carefully controlled conditions, and hence the
time required for disinfection to proceed to a definite end point is increased, departures from the
logarithmic relationship become more pronounced (I). Jordan and Jacobs determined this behavior in
1944 (Figure 8), and it is a cornerstone of modern antimicrobial assessment as well as the basis for
the antimicrobial activity assessment used in the research presented in this book. The behavior is
illustrated in their study where a viable population of E.coli was maintained at a constant level in a
control flask by the frequent addition of nutrients. Changes in the viability were determined in other
cultures receiving the same treatment but to which different amounts of phenol had been added
(Figure 8A). It is evident that, under carefully controlled conditions, marked deviations from the
logarithmic order of death can be noted as the concentration of the toxic agent is decreased. The test
reflects the balance between the life and death of bacteria in the presence of a toxic agent in an
environment otherwise conductive to multiplication.

The sensitivity varies markedly among cells in any population, and this also causes bacteriostatic and
bactericidal effects. It is suggested that the vital activity of the cell might be reduced with time
(Figure 8A and B) of exposure to an inhibitory agent to such a low level that the cell can not recover
and thus the inhibition of bacteriostasis reaching an irreversible level (108, 143). At any intermediate
time of exposure the inhibition of vital activity would not be sufficient to cause damage to the cell,
and it could recover to normal activity and multiply following removal or neutralization of the lethal
agent. When toxin is reduced by dilution, the cell can recover normal activity if dilution is carried
out to a sufficient extent; otherwise the time required for inhibition to reach the irreversible state is
increased. When cells differ in sensitivity (Figure 9), similar behavior is noted with the exception
that the period of time during which inhibitory effects are reversible increases. A cell sensitive to one
substance can be highly resistant to another, while another cell could exhibit a reverse response. The
length of the inhibitory period for the given degree of sensitivity would be controlled by the
concentration of the inhibitory agent. The various observations on the disinfection process point to
three factors; the sensitivity of the cell, concentration (or intensity) of the inhibitory agent, and time
must be considered in any application of these processes. Accurate information on the former, the
sensitivity of the cell, is always hard to define, but it can be untangled by thoroughly investigating
the physical and chemical factors of experimental settings. The latter two factors are easier to
determine: The agent in question is controlled by the rate at which it comes into contact with some
vital component(s) of the cell and the resultant rate(s) at which dependent activities essential to
multiplication are decreased. There are three major reactive systems in the cell — membrane,
enzymes, and the nucleus — whose normal functioning is essential to life and multiplication (72, 73,
82).

The cell membrane can be attacked by some agents resulting in increased permeability of the cell
(144). This can lead to the diffusion of essential metabolites out of the cell with resultant injury and
eventual dead. A change might be induced, which could result in decreased permeability, particularly
to an essential ingredient of the medium, and death. When the toxic agent reacts only with
intracellular components, particularly enzymes, the rate of death of the cells will depend to some
extent on the rate at which the substance can penetrate the cell membrane and diffuse through the
cytoplasm (145, 146).
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Figure 9: Schematic representation of the effects of a toxic agent on bacterial cells which vary in
susceptibility.

Entry into the cell often depends on the state of ionization of the agent and/or membrane
constituents; hence, pH can exert a marked influence on the rate of death. Furthermore, pH can
influence the strength of the bond between the agent and cellular constituents in many instances, the
firmness of union between a positively charged toxic molecule and a protein increasing within pH,
and vice versa. Reaction of the agent with cytoplasmic constituents, generally proteinaceous and
enzymatic in character, can be relatively specific or nonspecific. Disruption of the forces that
maintain proteins in an organized state can be induced by an appropriate concentration of many
agents with a widely different nature, and this denaturation may or may not be reversible. The
inhibitory agent may be more specific in its action, like antibiotics, affecting specific targets (2, 12,
72, 145, 146). When the primary reaction induced by the agent results in the inhibition,
neutralization, or destruction of a system involved in a reaction, or reaction chain, essential to the life
of the cell and one which cannot be bypassed, death will follow as cellular activities diverge further
and further from their normal dynamic balance or steady-state conditions. In some instances, the
toxic agent may react with nuclear components and any physical or chemical change, resulting in the
failure of the genetic material to be duplicated, which will lead to eventual bactericidal action, i.e.
the inability of the cell to multiply under test conditions.

2.4.1 Chemical and biological antimicrobial and cytotoxic agents

This section mainly describes the effects of cytotoxic agents on bacterial cells, but most of them are
also applicable to eukaryotes. Considerable effort has been made in understanding the mechanisms
of antibacterial activation and the action of antibiotics and other biocides (2, 12, 72, 123, 145, 146).
The latter refers to an agent that is unspecific and quite rapidly kills or inhibits the growth of the
target cells. Antibiotics, on the other hand, have a narrower spectrum of target cells and generally
one target mechanism while biocides may have multiple targets and a broader spectrum of
mechanisms (2, 12, 72, 145, 146).
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At a sufficiently high concentration all chemicals, including nutrients such as oxygen and fatty acids,
are bactericidal and can thus be defined as biocides, though the term is restricted to substances that
are rapidly bactericidal at moderate concentrations. In contrast to lethal radiations (which damage
DNA) and most bactericidal chemotherapeutic agents (which interact irreversibly with various active
metabolic systems), most biocides act either by dissolving lipids from the cell membrane (detergents,
lipid solvent) or by damaging proteins (denaturants, oxidants, alkylating agents, and sulfhydryl
reagents).

A description of all chemicals possessing bactericidal properties is not feasible, but a consideration
of the different classes into which these agents have been grouped is both useful and instructive.
There is no uniform law governing their action; many variable factors are involved, and each may
modify the efficiency of the destructive process. The rate of killing by biocides increases with
concentration and temperature. Anionic compounds are more active at low pH and cationic
compounds at high pH. This effect results from the greater penetration of the undissociated form of
inhibitor and possibly also from the increase in opposite charge in cell constituents (72, 73).

The effectiveness of the antimicrobial and chemotherapeutic agent against the microbe can be
estimated from the minimal inhibitory concentration (MIC), which is the lowest concentration of the
agent that inhibits the growth of the target microbe. The lowest concentration causing the target cell
to die is the minimal lethal concentration (MLC). The dose or concentration required to kill 50 % of
the tested population during the test period is referred to as the lethal dose (LDso) and lethal
concentration (LCsp) respectively (72, 73).

Distilled water: There is no generally accepted view about the antimicrobial impact of distilled
water. Osmotic stress is known to destroy both eukaryotic and prokaryotic cells to some extent, and
different bacterial species are known to be variably susceptible to distilled water (72, 73).

Salts: Pickling in brine, or treatment with solid NaCl, has been used for many centuries as a means
of preserving perishable meat and fish. Bacteria vary widely in susceptibility. Though physiological
saline (0.9 %, 154 mM, NaCl) is widely used as a diluent for bacteria, it is not very suitable; a
balanced salt solution, containing Mg*™* and buffer, permits much better survival. Strains vary widely
in their ability to survive in distilled water; some of the lethal actions, however, are due to traces of
heavy metal ions, which are more bactericidal in the absence of competitive ions (72, 73).

Metals: The various metallic ions can be arranged in a series of decreasing cytotoxic activity with
quicksilver (Hgll), lead (Pbll), cadmium (Cdll), Zinc (Znll) and silver (Agll), at the head of the list,
as they can be effective at the part per million (ppm) levels. The concentration required for killing is
markedly affected by inoculum size (79, 82, 147).

Sulfhydryl compounds can readily reverse the antibacterial action of Hg**. Similar inhibition can be
obtained with those enzymes whose activity involves an SH- group.

Before penicillin, compounds including mercury and silver were used as disinfectants and
antiseptics. The organic compounds of arsenic, bismuth and antimony have been used in the
chemotherapy of syphilis. Copper salts have had a great importance in agriculture.

Forming very strong bonds with functional groups of proteins, like the imidazolium nitrogens of
histidine, thiolates and cysteine residues, the metal ions can frequently inhibit enzyme or some other
biological activity of the molecule (147).

Titanium dioxide (TiO,) is a strong oxidizing agent widely used in nanoparticle form as a white
pigment in paints, in toothpastes and in pastry products. TiO, nanoparticles are also used as a coating
on microbe free surfaces and in microbe free plastics. It has also been applied in cleaning and
neutralizing mold-damaged buildings. The use of TiO, is controversial, since some studies claim
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high toxicity and others a total non-toxicity of the product. When exposed with UV light (photo
catalytic), it reacts and breaks organic compounds causing a cytotoxic effect to both prokaryotes and
eukaryotic cells (148-153).

Inorganic anions: Inorganic anions are much less toxic than some of the cations. Boric acid has
found wide use as an antiseptic agent (72, 73, 79, 82).

Halogens: lodine binds irreversibly to proteins (e.g. by iodinating tyrosine residues), and it is an
oxidant. The tincture of iodine (a 2 to 7 % solution of I, in aqueous alcohol solution containing KI) is
a rapidly acting bactericide. It is a reliable antiseptic for the skin and for minor wounds, but it has a
painful and destructive effect on exposed tissue. I, complexes spontaneously with detergents to form
iodophors, which provide a readily available reservoir of bound I, in equilibrium (154-156).

Chlorine antiseptic was introduced in the first part of the 19" century to prevent the transmission of
puerperal sepsis by the physician’s hand. Chlorine combines with water to form hypochlorous acid
(HOCI), a strong oxidizing agent (38, 157-159):

Cl, + H O — HCI + HOCI
or
Cl, + 2NaOH — NaCl + NaOCl + H,0O

Hypochloride solutions are used to sanitize clean surfaces (200 ppm Cl,) in food and dairy industries
and restaurants. Cl, gas, at 1 to 3 ppm, is used to disinfect water supplies and swimming pools, and
in hospitals 3000 ppm or higher chlorine solutions are used, as they are effective against
Clodstridium difficile spores (160, 161).

Chlorine is a reliable, rapidly acting disinfectant for such “clean” materials, but it is less satisfactory
for materials containing organic matter that can react rapidly with the Cl,.

Other oxidants: Hydrogen peroxide (H;0Oy), in a 3 % solution, was widely used as an antiseptic.
Bacteria vary in their susceptibility, since some species possess catalase (162, 163). Potassium
permanganate (KMnQy,) is used as an antiseptic in 1/1000 concentrations (164).

Peracetic acid: (CH3CO-0O-0H), a strong oxidizing agent is used as a vapor for the sterilization of
chambers for germ-free animals (165, 166). These oxidants, as well as halogens, presumably act by
oxidizing SH and S-S groups of enzymes and membrane components, which are also referred to as
the bacterial safe groups (79, 82, 167)

Alkylating agents: Formaldehyde and ethylene oxide replace the labile H atoms on -HN, and —-OH
groups, which are abundant in proteins and nucleic acids, and on —-COOH and —SH groups of
proteins. These alkylating agents, in contrast to other disinfectants, are nearly as active against spores
as against vegetative bacterial cells, presumably because they can penetrate easily (being small and
uncharged) and do not require H,O for their action (72).

Surface-active agents: These compounds (surfactants) are generally called synthetic detergents. Such
compounds, like fatty acids (soaps), contain both a hydrophobic and a hydrophilic portion; they
therefore form micelles (large aggregates) in aqueous solution in which only the hydrophobic portion
is in contact with the water. They can similarly form a layer that coats and solubilizes hydrophobic
molecules or structures. Anionic detergents are only weakly bactericidal, perhaps because they are
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repelled by the net negative charge of the bacterial surface. Non-ionic detergents are not bactericidal
and may even serve as nutrients (72, 167).

Cationic detergents: Cationic detergents are active against all kinds of microbial cells. The most
effective types are the quaternary compounds, containing three short-chain alkyl groups as well as a
long-chain alkyl group. These compounds are used for skin antisepsis and for sanitizing food
utensils. They act by disrupting the cell membrane, causing the release of metabolites; in addition,
their detergent action provides the advantage of dissolving lipid films that may protect bacteria, and
they leave a tenacious bactericidal surface film on the treated object (72, 167).

Polyhexamethylene biguanide (PHMG) is a biocide whose effect is based on its strong cationic
reservation in a physiological pH area. The positively charged PHMG molecule attaches to the
negatively charged membrane of the cell. PHMG prevents the cell membrane’s function by
disrupting nutrient (especially sugar molecules) intake. Bacterial cell are more susceptible to PHMG
than molds (fungi), which can still survive in 50 to 200 ppm concentrations. It has been used as a
biocide and in the disinfection of industrial instrument in 200 to 5000 ppm concentrations (168-171).
Because mammalian cells (especially human lung cells) are more susceptible than microbes, the
usage of PHMG was banned in all applications by the European Union beginning from 1.2.2013
[(EC) 1849/2006, 2011/391/EU and 2012/78/EU].

Acids and alkalis: Strong acid and alkaline solutions are actively bactericidal (72, 167). However,
mycobacteria are relatively resistant; it used to be a common practice to liquify the sputum sample of
patients by the exposure of 30 minutes to 1 N NaOH or H,SO,. This procedure depends on the
survival of a fraction of populations rather than the complete resistance of the bacteria. Gram
positive (gram (+)) staphylococci and streptococci also frequently survived (82).

Weak organic acids exert a greater effect than can be accounted for by their pH; the presence of
highly permeable undissociated molecules promotes the penetration of the acids into the cells. The
increasing activity with chain length suggests a direct action of the organic compound itself. Lactic
acid is a natural preservative in many fermentation products; the salts of propionic acid are now
frequently added to bread and other foods to retard mold growth (81).

Acetic acid is an effective antibacterial compound, and it is also used for the preservation of food.
Acetic acid has been known to prevent the growth of organisms, otherwise naturally resistant to
many antimicrobial compounds, such as gram (-) Pseudomonas aeruginosa, at concentrations lower
than 1 % (172). Acetic acid is known to act as a mild antibacterial and antifungal agent in the
vaginal lubricants of humans and other primates (173).

Alcohols: The antimicrobial action of the aliphatic alcohols increases with length up to 8 to 10
carbon atoms, above which water solubility becomes too low. Ethanol is an antimicrobial agent
killing organisms by denaturing their proteins and dissolving their lipids, being effective against
most bacteria and fungi (100, 123). The disinfectant action of alcohols, like their denaturing effect on
proteins, involves the participation of water. Ethanol is the most effective in 50-70 % aqueous
solution; at 100 % it is a poor disinfectant, and Bacillus anthracis spores have been reported to
survive for as long as 50 days. The bactericidal activity of ethanol is negligible at concentrations
below 10 to 20 %. Although ethanol has received the widest use, the common laboratory solvent
methanol is also cytotoxic, utilizing similar mechanisms to ethanol. Isopropyl alcohol is less volatile
and slightly more potent than methanol and ethanol. Some organic disinfectants like formaldehyde
and phenol are less effective dissolved in alcohols than in water because of the lowered affinity of
the disinfectant for bacteria relative to the solvent.

Phenols: Phenol is both an effective denaturant of proteins and a detergent. Its bactericidal action
involves cell lysis. In sufficient concentrations, phenol is effective against vegetative cells of
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microorganisms. Most bacteria are killed within 5 to 10 minutes by a dilution of 1 % at room
temperature. Bacterial spores are more resistant and the spores of B. anthracis may survive in 5 %
phenol for 24 hours or longer (123, 167). The antibacterial activity of phenol is increased by alkyl or
halogen (like chlorine) substituent to the ring, which increase the polarity of the phenolic OH- group
and make the rest of the molecule more hydrophobic; the molecule becomes more surface-active and
its antibacterial potency may be increased a hundredfold or more.

Other organic solvents: Organic solvents such as ether, benzene, acetone, chloroform or dimethyl
sulfoxide also kill bacteria but are not reliable disinfectants. However, the addition of a few drops of
toluene or chloroform to saturate aqueous solutions will prevent the growth of fungi and bacteria.
Glyserol is bacteriostatic at concentrations exceeding 50 % and is used as a preservative for vaccines
and other biological products (81, 123).

Antibiotics: Chemotherapeutic agents are defined as chemicals that can interfere directly and
selectively with the proliferation of microorganisms. Accordingly, their essential feature is selective
toxicity. Some of these drugs are bacteriostatic, the inhibition of growth being reversed when the
drugs are removed. Others are bactericidal, exerting an irreversible, lethal effect (72, 146, 174, 175).

Antibacterial chemotherapy launched in Germany in 1935, when Domagk developed a dye,
Prontosil, which cured streptococcal infections. The dye proved inactive in vitro. A year later in
France, Tréfouel excreted a simpler, colourless product, sulphanilamide, which was active in vitro.
This compound was then used directly as a drug and was soon succeeded by more potent derivates;
the class is known in medicine as the sulphonamides, a competitive inhibitor of folate synthesis
(Figure 10). Since then thousands of antimicrobial compounds have been discovered by screening
for activity in vitro (72, 82, 85, 174).

The success of sulphonamides renewed interest in antibiotics, which are defined as antimicrobial
agents of microbial origin. Pasteur, who observed the sterilization of anthrax bacilli in a
contaminated culture, first recorded inhibition of some microbes by others in 1877. In the next half
century, a number of similar accidental observations were reported.

Fleming reported in 1929 that a contaminating colony of the mold Penicillium notatum lysed the
adjacent colonies of staphylococci. Ten years later Chain in Oxford showed that, after purification
the active material, the pB-lactam antibiotic called penicillin (Figure 10) was stable and it proved
effective for certain infections. The success of penicillin encouraged the systematic search for
additional antibiotics.

The term chemotherapeutic is sometimes used to distinguish synthetic compounds from antibiotics,
but Ehlrich’s original definition is more useful: those antimicrobial compounds that are nontoxic
enough to be useful in therapy. Some drugs discovered as antibiotics are now produced by chemical
synthesis (100, 146, 176) (Il). The difference between an irreversible, bactericidal action and a
reversible, static action does not simply depend on whether the agent reacts reversibly or irreversibly
with its receptor, but on whether an irreplaceable element of the cell is irreversibly damaged. Three
general bactericidal actions can be recognized: 1) DNA or RNA 2) cell membrane 3) any enzyme or
protein required for protein synthesis (Figure 10) (12, 67, 146, 176-180).
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Figure 10: The targets of different classes of antibiotics in the bacterial cell. 50S and 30S refer to
the prokaryotic ribosome subunits. Sulfonamides are competitive inhibitors of the folate (folic acid)

synthesis in bacteria PABA (para-aminobenzoic acid), DHF A (dehydrofollic acis) and THF A
(tetrahydrofollic acis) (72, 146, 175).

Mycotoxins: The (181-183) group of various cytotoxical agents produced by fungi is called
mycotoxins. The spectrum of these secondary metabolites of the fungal cells is very broad, affecting
both eukaryotic and bacterial cells. Very often these products are antibiotics, like antibiotic penicillin
derived from penicillium fungi (72, 85, 184-188). Fusarium mycotoxins, like moniliformin,
deoxynivalenol (vomitoxin), fumonisin, beauvercin, enniatin and trichothrcenes (T2-toxin), are
cytotoxic agents produced by more than 50 species of the Fusarium genus (189-195). Aflatoxins,
poisonous to both animal and bacterial cells and produced by Aspergillus flavus and A. parasiticus,
are a widely studied group of mycotoxins with 14 different classified subtypes. Aflatoxins and their
metabolites interfere with DNA, causing mutations and delays in cell cycle progression. In
eukaryote, aflatoxins are reported to mutate the signaling of the apoptosis via gene p53 (196-199).
Ochratoxins (A, B and C) and Patulin are the secondary metabolic products of certain Aspergillus
and Penicillium species and are also reported to be genotoxic to both eukaryotic and prokaryotic
cells (200-202). Cytochalasins (A-G) are secondary metabolites of certain Arpergillus and
Helminthosporium species. Cythochalasin binds to actin filaments and blocks polymerization and the
elongation of actin. It will also stagnate muscle constriction and prevent the neutrophils to
phagocytose their target by halting the ingestion requiring the actin filament activity (181-183)

Immune systems: All animals and plants have a system protecting them against invading pathogens,
fusions and hypertrophy of the cells and tissues. Even bacterial cells have enzymatic activity against
phages. All these systems are, at their simplest, highly complicated. The term “immune” derives
from Latin immuns, i.e., exempt from “charges” (taxes, expenses). However, for nearly a century and
a half the term “immunity” has denoted resistance to possible attack by infectious agents. In
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biomedical research, immunology refers to the field of study of host defense mechanisms against
infectious diseases and homeostasis maintenance, but it can also be expanded to the concept of waste
removal, because the same systems participate in waste clearance.

The generalization is that the most developed systems with adaptive immunity are found in
vertebrates, which are described in more detail in the next section. Simpler life forms possess only
humoral mechanisms against invaders. Insects have already developed a cellular response
(hemocytes are cytotoxic cells) working alongside the humoral system (haemolymph = insect blood),
and their immune system functionally resembles the innate immune system of the vertebrates (V).
The humoral part of the insect blood, haemolymph, contains direct antimicrobial properties
compared with that of a serum in vertebrates. This is not based on the complement system but on
antimicrobial peptides (203), the cascades that regulate coagulation and melanization of hemolymph
and the production of reactive intermediates of oxygen and nitrogen (204) (1V).

Fish have a functional complement system (205) (1). Some fish species have already developed a
system producing an adaptive immune response with lymphoid tissues and B-lymphocytes producing
antibodies. These immunoglobulins augment the phagocytizing cells to destroy invading pathogens
(206). Amphibians, reptiles and birds have a distinguished innate and adaptive system with separate
functional and structural characteristics (207).

2.5 Assesment of viability and cytotoxic effect with luminescent methods

2.5.1 Viability assessments

In general, we know that the definition of viability, when bacterial cells are concerned, can be very
disconcerting and troublesome. The time course of the disinfection is ordinarily determined by
removing measured portions of bacterial suspension containing the toxic agent at regular intervals of
time and then determining the number of viable cells in the samples by dilution and plating. This
conventional method can also require the neutralization of the toxic agent in subcultures to such an
extent that it is no longer inhibitory to the proliferation of the viable cells (80).

The customary concept of dead bacteria is that they cannot multiply when transferred to nutrient agar
or broth. As mentioned earlier, this concept can be fallacious in some instances, since “death” to
some degree can result from unculturable bacterial species, dormant cells or can be influenced by the
nature of agar or broth. Death can therefore be, from the conventional point of view, partially a result
of the circumstances under which viability is determined, and this is why different modern
techniques have been developed to assess bacterial cell viability in a more detailed manner (44) (II).
The kinetical approach by using colony counting is laborious, requiring a huge amount of plates and,
moreover, the results are not obtained on a real time basis, since the plates demand a long incubation
period.

OD turbidity measurement indicates the growth but does not differentiate between live and dead
bacteria in the measurement solution, which restricts the application of this method (I1) (208, 209);
however, by using the special staining procedures, the viability analysis can be operated with
spectrophotometry (78, 176) (11).

Microscopy is a widely used method for viability assessment. This is traditionally based on mobility
assay or cell staining. Fluorescence microscopy provides a modern application with several
fluorescent-staining protocols for viability assessment (210). Fluorescent staining methods are also
applicable in flow cytometery, a widely used method for assessment (78, 211, 212).

A common disadvantage for the previously listed applications is that they require specific staining
procedures and are mainly end-point methods, lacking functional real-time qualifications. This is
why the approach was to design the cell producing a signal directly correlating with the viability. In
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order to reliably monitor changes in bacterial viability and cell number, real time data from the
whole incubation period is necessary (I1). One-step or end-point measurements are usually faster and
easier to repeat; however, the data from the incubation period is incomplete and the non-kinetic
method only provides rough estimations concerning bacterial killing and viability. Effects of
different agents and intra and extra cellular factors may alter the results greatly in different
measurement environments. Alteration caused by factors like temperature, pH, incubation time, the
size of inoculum and the concentration of the tested antimicrobials are conveniently visible in the
real time kinetical measurements and can be revealed in the function of time (180, 213, 214).

By using reporter genes, cells can produce proteins, like luciferases and fluorescent proteins, with
measurable functions directly connected to the cell viability. The kinetical real-time method, based
on the bacterial cell emitting bioluminescence directly correlated with the viability of the cell, is
utilized in this book and described in more detail in the next sections (78, 100, 176, 215-217) (I, V,

).

2.5.2 Bioluminescence

Bioluminescence (BL) is determined by the ability of living organisms to produce a light signal
(218). The phenomenon is widely spread throughout the globe, mainly among insects and bacteria
but also among other species (219, 220). BL has been known since the antiquity and has also been
mentioned by Aristotle (384 — 322 BC) (221). British chemist and natural scientist Robert Boyle
made the first experiments with the phenomenon in 1668. However, the term “luminescence”
occurred for the first time in 1888 when it was described by the German scientist Eilhardt
Wiedemann (222).

BL producing systems can be divided into a few different categories. First are the proteins directly
emitting light, with no co-factors or enzymes required, only the excitation with proper wavelength of
light (223, 224). These proteins emit fluorescence, and the most applicable of these is GFP from
jellyfish Aequorea victoria, commonly used in numerous methods assessing viability and metabolic
activity. GFP genes can be transformed to other species. The methods using GFP are versatile, and
after the gene from A. Victoria was first transferred (225) into a bacterial cell, producing an explicit
fluorescent signal (223, 226), the use of GFP techniques in microbial analysis in various applications
has expanded and brought new GFP variants, like the enhanced green fluorescence protein (EGFP)
(227-239) (I1). GFP itself is very stable, because the chromophore responsible for fluorescence
emission is located inside a barrel-like structure (240). The wide range of GFP expressions among
different organisms are enabled by autocatalysis or ubiquitous co-factors (223, 224). As a reporter
gene, GFP works without any additional substrates or cofactors, and the fluorescent signal is linked
to the number of bacterial cells. However, it cannot be used in bacterial killing assays, since GFP is
stable and remains fluorescent in dead cells (99, 176). GFP is highly fluorescent and accumulates
within the bacterial cell during its growth (78, 99, 100).

The second class of BL systems consists of luciferases, which are proteins acting as an enzyme,
catalyzing (reduction-oxidation) reactions and producing BL as a byproduct (219, 220, 226, 241-
244). There are many different kinds of emitting systems in this category. The most exploited ones in
biotechnology are beetle and bacterial luciferases, but similar enzymes have been discovered from
fungi and sea animals like Renilla reniformis and medusa A. victoria (245, 246). Both bacterial and
beetle luciferases are widely used in multiple applications and techniques in biotechnology (99, 100,
142, 176, 216, 217, 247-249) (1, V, II, 1V). The system producing light is basically the same in all
BL emitting cells, consisting of luciferase enzyme and lusiferin acting as a substrate (219, 220, 244).
The genes of these systems are normally found under the same operon, and they are easy to transfer
to other cells and even to other species, generating a completely new BL emitting cell. Almost all of
the various luciferase systems have one common factor binding their function together. A luciferase
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catalyzed reaction, where lusiferins as a substrate are oxidized in the presence of molecular oxygen,
produces light emission alongside other products (Figure 11). The luciferase bound intermediate is
formed and degraded, electrically exited and discharged, and in the end photon is emitted. The
enzymes of the various systems are not always called luciferases, but the name is used here as a
generalized term, describing the ubiquitous function (219, 220, 244).

The best recognized luciferase systems are those discovered from fireflies like Photinus pyralis and
Pyrophorus plagiophthalamus. These systems are a part of the beetle luciferases, and in general
these enzymes catalyze the oxidative decarboxylation of benzothiazole luciferin in the presence of
ATP-Mg. In the reaction the light signal, with the emission peak at 561 nm, is formed in a two-step
reaction (Figure 11), as cellular energy is converted into light emission utilizing ATP, O, and
luciferase as mono-oxygenase (219, 220, 250-259). The 62 kDa beetle luciferase is encoded by the
gene lucFF, reported to have 45-50 % homology at the amino acid sequence between different
beetle luciferases (219). Because the system is dependent on cellular ATP, the beetle luciferase
system is optimal for cell viability assessments, tough the application needs an additional substrate.
The biochemical pathway to the synthesis of beetle luciferin is still unknown. It is not known
whether the cells contain the genes to produce the enzymes for luciferin synthesis or if the genes are
gained by ingestion from other bioluminescent species, like symbiotic bioluminescent bacteria (253,
260).

Beetle Luciferase

ATP, I't.f'lg1+ PPi Light
U (emission max 561 nm)
D-luciferin > D-lucifewl adenylate > OXVIUCifErin
luciferase

0, AMP,CO,

Bacterial Luciferase

Light
. (emission max 490 nm)
luciferase

FMNH, — > FMN

RCHO (Fatty Aldehyde), O, RCO,H (Fatty Acid), H,0

11: The light emission of both beetle and bacterial luciferace systems (260, 261).

All species producing BL are gram (-) bacteria (262). The main reservoir for bacterial luciferases is
found under the sea from marine bacteria, belonging to genera like Photobacterium, Aliivibrio,
Shewanella and Vibrio. Most of these live in symbiosis with fish, plants or other species (245).
However, bacterial luciferases are also found in terrestrial species. Bacteria belonging to genus
Photorhabdus (previously called Xenorhabdus) can form highly luminescent cells. Photorhabdus
luminescens is a pathogen living in the gut of an entomopathogenic nematode of the family
Heterorhabditidae. When the insect is infected with the nematode, P. luminescens is released into the
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blood stream and rapidly Kills the insect host. The lux-gene used in the studies presented in this book
originates from P. luminescence (263-272) (I1). Other Photorhabdus species, like P. asymbiotica,
have also been found to be human pathogens populating the infected wounds (272).

The bacterial luciferase catalyses the oxidation of a long chain fatty aldehyde and reduced flavin
mononucleotide (FMN/FMNH,), simultaneously emitting BL with the emission at a maximum of
490 nm (249, 260, 273-275) (Figure 11). Bacterial luciferase is a chimeric protein with two non-
identical subunits encoded by separate genes (luxA and B) encoding a- (~40kDa) and B- (~35kDa)
subunits, of which the first one, the a-subunit, includes the catalytic center (276). The yield of the
photons is reported to be 0.2-0.3 per reacting FMNH,, and the bacterial cell can emit 10*-10°
photons per second (219, 220, 244). In the lux-operon, these two genes are flanked by three
additional genes (lux C, D and E), which are involved in the synthesis of its fatty aldehyde substrate.
They encode reductase, transferase and shyntethase, respectively, i.e. the enzymes required for
substrate formation, reducing long fatty acids to aldehydes.

The reaction catalyzed by bacterial luciferase is oxygen-dependent, and in normal in vitro
circumstances, using the aerobic or facultative aerobic bacteria gain of oxygen is not the limiting
factor in the light production (277). The amount of FMNH,, however, is dependent on the metabolic
activity of the cell, which is also the basis of its use in viability assessment, but some factors can
affect the redox potential of the cell, also affecting the amount of FMNH, and the level of BL
production (278). Additionally, the amount of light emitted can vary between different strains of
bacteria (279).

Using luciferases as reporter genes (244) is a common method for measuring the number of bacterial
cells, as the genes encode products linked to the viability of cells, for example beetle luciferase
(lucFF) from the firefly (244) or bacterial luciferase (luxAB) and (luxCDABE) (244) from the marine
bacteria V. harveyi and terrestrial bacteria P. luminescens respectively. Expressions of these genes in
bacteria produce BL (280). Bacterial luciferase gene cassette luxCDABE also contains genes for
substrate, and expression of the whole gene cluster produces a BL emitting system, lacking the need
for external substrate addition (I, Il, 11, IV, V, VI, VIII). However, in many cases bacterial luciferase
is cloned in the form of luxAB-fusion, containing only the genes for the actual luciferase structure,
lacking the substrates (99, 100, 217, 281) (I). This construction also enables the use of the gene
expression in other species, especially in some eukaryote cells (282). Using these reporters, bacterial
viability and the effects of different antimicrobial agents, such as antiseptics, toxins, antibiotics and
especially the function of immune mechanisms such as phagocytic activity and the serum
complement system, can be studied (78, 99, 100, 134, 142, 176, 217, 248, 281, 283-285) (I, II, 111,
IV, V, VI). When luxAB as well as the beetle luciferase lucFF are used, the inconvenience is that
luciferase systems require the addition of an external substrate (100, 281) (). The reaction is
dependent on substrate transport into the cells and is thus strongly affected by external factors such
as pH. In constructs using luxAB, long chain fatty aldehydes, like decanal, are added to induce light
emission.

Bacterial luciferases have been introduced to gram (+) bacterial species like Streptococcus
pneumoniae and Staphylococcus aureus (249, 286) by using only the luxAB-construct, when the BL
production level is comparable with that of gram (-) bacteria (277), or by altering the lux gene
composition to be suitable for the gram (+) transcription system. This was done by dismantling the
whole lux cassette and by adding the ribosome-binding site to every gene. Using this method, the
bacterial luciferase gene luxCDABE from P. luminescens has been altered to luxABCDE, expressed
successfully in Streptococcus pneumonia and S. aureus, resulting in a cell with high BL emission
(249, 286). The latter construct works in gram (-) bacteria and is also utilized in the E. coli construct
used in the studies presented in this book (I1). LuxABCDE has been successfully transferred into the
eukaryotic cell Saccharomyces cerevisiae by adding a yeast promoter in the lux-cassette, resulting in
constitutively bioluminescent yeast cells (287). As mentioned earlier, FMNH; is the limiting factor
in bacterial luciferase BL production. Especially in gram (+) species, the shortage of FMNH; is
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resolved by cloning the NADPH-FMN-oxidoreductase gene (frp), the genuine construct from gram
(-) species like V. harveyi, whose enzyme produces FMNH, from FMN.

Bacterial luciferases from different species have structural and functional variations. The enzyme
from P.luminescens is classified as a “slow” decay luciferase, slow referring to slower binding of
flavin and thus slower production of intermediates. Slow decay luciferases are more stable and
especially more resistant to temperature alterations (288, 289). Luciferases from marine bacteria are,
on the contrary, fast decay enzymes, and though the structural difference between these two types is
only one amino acid residue, it has an enormous effect on the functionality. Marine bacteria exist in
lower temperatures and require a high saline environment. The temperature maximum of the
luciferase from A. fisheri is only 30 C, but luciferase from V. harvey has been reported to be stable
still at 37 C (290). The luciferase enzyme from P. luminescens is known to be stable still at 42 C; this
and the fact that it works in lower saline concentration makes it more applicable for in vitro
assessments (290, 291) (II, V).

When luxAB genes from V. harveyi were transferred in E. coli (280, 281, 291), the problem with this
construct was that during the logarithmic growth phase the BL signal elevated considerably more
than was indicated by the OD signal, and at the beginning of the stationary phase, BL emission
collapsed (292) (I1). The same phenomenon was observed even by using luxCDABE from V. fisheri
in E. coli and with luxABCDE from P. luminescens in S. aureus (293, 294). The suggested reason for
this decreasing BL was suggested to be the low optimal temperature of the V. hareveyi luciferase and
decline in the supply of the intracellular reducing power of the luciferase enzyme (293). The same
phenomenon was observed even by using luxCDABE from V. fisheri in E. coli and with luxABCDE
from P. luminescens in S. aureus (293, 294). When E. coli was transformed with the luxABCDE
from P. luminescens such a decrease of the BL emission was not observed (11). On the contrary,
during the logarithmic growth phase, the BL signal did not increase either in plasmid derived E. coli
or chromosome derived P. luminescens systems (I1). The same has been reported when luxABCDE
genes from P. luminescens were integrated into the E. coli chromosome (295). The availability of
fatty aldehyde seems to be the limiting factor in P. luminescens BL emission (280, 296). When a
surplus of substrate, i.e. fatty aldehyde like decanal, was added to the growth medium of E. coli
transformed with luxABCDE from P. luminescens, the BL signal demonstrated a remarkable
increase (11).

Quorum sensing

There is a certain census conducted in a bacterial population, and this consensus of population
density is referred to as quorum sensing. Many genes, operons or regulons have been found to be
only expressed when the population’s cell density strongly increases (297-306). The best-
characterized system is the LuxR-LuxI system found in V. fisheri (Figure 12) (307-310). This system
is based on the production of an autoinducer protein VAI-1 encoded by luxl. The inducer is diffused
to intra- and extracellular surroundings. LuxR acts both as a receptor and as a VAI-1 dependent
transcriptional regulator of the lux-operon, binding upstream of the lux-promoter. A substantial
amount of the auto-inducer, i.e. high cell density, is needed for the induction of the BL system (307).
High bacterial cell densities, reaching up to 10'°-10"! bacterial cells/ml, has been observed in the V.
fisheri symbiotic light organs of some marine fish. On the other hand, the same bacteria in seawater
are known to reach densities less than 100 cells/ml but not emit BL. Auto-inducers of quorum
sensing bacteria are also known to send signals to heterologous bacterial species (306, 311).

Quorum sensing systems homologous to LuxR-Luxl, are also known to regulate other functions.
These include species like V. harveyi (LuxM-LuxN regulating lux genes), Agrobacterium
tumefaciens (TraR-Tral regulating plasmid conjugal transfer), Pseudomonas aeruginosa (LasR-Lasl
regulating virulence factors), Erwinia carotovora (ExpR-Expl regulating antibiotic synthesis) and E.
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coli (SdiA - system regulating cell division and expression of virulence factors). In E. coli, orphan
LuxR-type reseptor SdiA, without the production of the signal protein, acts as a negative regulator of
the expression of virulence factors (312-317). In P. luminescens, the receptor PIuR homologous to
LuxR recognizes nanomolar concentrations of endogenous a-pyrones, inducing the transcription of
the PCF-operon finally leading to bacterial cell clumping (318, 319).
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Figure 12: The quorum sensing model of V. fischeri: On the left (A) the concentration of acyl
homoserine lactone (AHL) is low due to the low number of bacterial cells. On the right (B) the
density of bacterial cells has increased and AHL is produced sufficiently (by luxl). AHL is required
for LUxR to bind DNA via the ‘lux Box'. This activates the luciferase gene luxCDABE producing the
bacterial luciferase enzyme, leading to bioluminescence (BL) emission. Simultaneously more AHL is
produced (320, 321).

Escherichia coli K-12 pEGFPluxABCDEamp (E.coli-lux)

E. coli are a rod shaped, gram (-) bacteria, of the Enterobacteriaceae family of bacteria, commonly
found in the lower intestine of vertebrates (322-324). The E. coli K-12 strain was isolated from an
excrement sample of a diphtheria patient in recovery at Stanford University in 1922 (325, 326).

As mentioned earlier, the functional stability of the bacterial luciferase from P. luminescens is
optimal for laboratory practice. The downside is that the [luxCDABE gene is situated in a bacterial
chromosome under the control of a LuxR-LuxI-type quorum sensing system (Figure 12). This
demands high cell density in cultures and assessments, and it is also known that wild type P.
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luminescens gradually loses its ability to produce BL in laboratory circumstances when removed
from the natural symbiotic existence with nematodes. The modified lux-cassette luxABCDE (249)
has thus been transformed into E. coli K-12 in a high copy number plasmid pEGFP resulting in
plasmid pEGFPIuxABCDEamp. The lux cassette was excised from plasmid pSB2025 (286) (l1). The
expression of the whole operon (luxABCDE), under the control of Lac promoter, produces a
luciferase holoenzyme complex resulting in BL emission without the addition of substrate (1I). An
enhanced green fluorescence protein (EGFP) gene is placed upstream under the same promoter as
the lux-gene, and the EGFP is expressed simultaneously with luciferase. In order to maintain the
selection pressure, the pEGFPIuxABCDEamp plasmid also includes the amp-gene, encoding B-
lactamase, enabling E. coli-lux to degrade specifically ampicillin but also to some extent other p-
lactam antibiotics, like penicillin and amoxicillin (327-330).

E. coli-lux provides a convenient means for assaying the antimicrobial activity of different agents
like toxins, other chemicals and immune systems like the serum complement system and the
neutrophil activity. This method has been used to study fish, (I) human (11) and bat (I11) complement
activity, bactericidal properties of the haemolymph from species Bombyx mori and Galleria
mellonella (IV) and it has been employed to untangle the mechanisms of neutrophil activities in
bacterial killing (V, VI).

2.5.3 Neutrophil chemiluminescence assay

Neutrophils emit small amounts of electromagnetic radiation following the ingestion of
microorganisms. The energy can be detected as light by sensitive photomultiplier tubes such as those
in liquid scintillation counters and luminometers. During RB, H,0,, superoxide radicals and singlet
oxygen are generated. Singlet oxygen, a highly unstable ROS, combines with bacteria or other
intralysosomal elements to form electronically unstable carboxyl groups. As these groups relax to
their ground state, light energy is emitted. This process has been termed chemiluminescence (CL),
and it forms the basis of an important assay of neutrophil function. It requires all steps prior to actual
bacterial killing to be intact (331-338). The oxidative steps in biochemical pathways present in
neutrophils generate the CL, which is easily detected in a luminometer. In the test system, isolated
neutrophils or whole blood dilutions are incubated in the presence of an ingested particle, e.g. latex
particles, zymosan (the cell wall preparate of Saccharomyces cerevisiae) or bacterial cells in the
luminometer vial, mainly in microtiter wells (331-338). Luminol or lucigenin, intermediate
fluorescent compounds, are added to intensify the light emission. The resultant CL emission is
directly linked to the activity of neutrophils (335, 336, 339-341). Luminol derived CL (emission max
~ 450 nm) is linked to the release of myeloperoxidase (MPO) from the azurophilic granules of the
phagocytes (342). Lucigenin (CL emission max ~ 480 nm) reacts with the superoxide and indicates
the attachment (adhesion) of the target to the neutrophil membrane (343-345).

These methods are very sensitive and, moreover, they can be performed on very small numbers of
cells (337, 338, 346). This enables the testing of whole blood dilutions without isolating neutrophils
and thus avoiding additional purification steps. It has been shown that in whole blood the major CL
emission is due to neutrophil activity, since monocytes, the other considerable CL source, emit only
about 50 % of that of one neutrophil, representing nearly 90 % of the whole phagocytic leucocyte
population (342, 347).
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Cytotoxic activity

The CL measurement of reactive oxidative species in phagocytes is an established method providing
a sensitive and fast tool for evaluating the relation of the immune system to stress, disease or the
overall pathophysiological state of the organism in the microliter range of blood. This applies
especially to neutrophils (339-341) which are exelent indicators in this sence. They rapidly react to
the anomalities. It has been reported that for example in suvere burn injuries there is impairments in
respiratory burst activity and during the sepsis the complement and adhesion molecule expression is
impeded (348, 349). Many cytotoxic agents, such as the myxotoxins described earlier, have an effect
on neutrophil activity and enable the use of these cells in toxicological assessments (335-341, 346).
This also applies to the toxicological assessments where the measured toxic agent is added straight to
the CL reaction effecting the light emission. Cytochalasin D (see mycotoxins section) is a textbook
example of how mycotoxins affect neutrophils, decreasing the CL signal in a dose-dependent
manner. The Fusarium toxin MON (see mycotoxins section) reduced the neutrophil activity of the
test rats in a dose and temporal dependent manner (V11).
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3. THE AIMS OF THE STUDY

1. The aim was to study the kinetical and real time based characteristics of the recombinant E. coli-
lux construct, study the viability of this bacterial strain and gain knowledge from the antimicrobial
properties of different chemical agents like solvents, toxins and antibiotics (I1).

2. The second aim was to determine the kinetical parameters of bacterial killing by the serum
complement system utilizing the real-time based bioluminescence approach and E. coli-lux as a
probe (1, 11, 111, IV).

3. The third aim was to determine the killing parameters of neutrophils and especially the
myeloperoxidase-H,0,-Halide system in cell-free systems in vitro and in vivo by characterizing
pathogen killing by the intact neutrophils. The aim was to exploit a variety of different MPO-system
inhibitors and antagonists as well as to include luminol and luciferease amplified chemiluminescence
(CL) measurements (V, VI, VII).

4. The fourth aim was to exploit the developed applications, capable of practical toxicological
assessments, by using both E. coli-lux and human neutrophils as probe cells (VII, VIII).
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4. MATERIALS AND METHODS

Original publications 1-VIII contain more individual and detailed information on the materials and
methods used in the studies presented in the results and discussion section.

Bacterial strains and plasmids (1)

The plasmid pEGFPluxABCDEAmp, assembled by ligating the modified bacterial luciferase genes
luxABCDE (from plasmid pSB2025, by means of Ncol and Pstl restriction enzymes) into pEGFP
(Clontech, Saint-Germain-en-Laye, France), was transformed to Escherichia coli K-12 strain M72
(SmRlacZ(Am)AbiouvrBAtrpE42[An7(Am)N53(Am)ca857AH1]) (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany) by electroporation with the Bio-Rad
Gene Pulser system (Bio-Rad, Richmond, CA, USA). The new construct, designated as E. coli-lux,
was identified by bioluminescence (BL), fluorescence emission and ampicillin resistance (I1).

The Photorhabdus luminescens subsp. luminescens CCM 7077', originally from the Czech
Collection of Microorganism (Brno, Czech Republic), was kindly donated by Dr. Pavel Hyrsl
(Masaryk University, Brno, Czech Republic).

Bacterial culture (1, 11, 111, 1V, V, VI, VIII)

The freezer stock preparation of the bacteria was made by cultivating the E. coli-lux in Luria Bertani
Broth (LB) (10 g tryptone, 5 g of yeast extract, 5 g NaCl, ampicillin 100 pg/ml pH 7.4) (LBamp) and
by incubating in a shaker (250 rpm) at 37 C, until the bacteria was in the stationary phase defined by
the turbidity (optical density, OD) measurement at 620 nm (UV-1601 Shimadzu spectrophotometer,
Shimadzu corp., Tokyo, Japan). Cells were washed and harvested by centrifugation (3000 rpm, 10
min), resuspended in (LBamp) containing 25 % glycerol and placed in the deep freeze (-80 C) in
appropriate containers or directly in the microtiter wells. All E. coli-lux cultivation media contained
ampicillin (100 pg/ml) to maintain the selection pressure.

For the experimental use, the bacterial cells were cultivated in LBamp and incubated in a shaker (250
rpm) at 37 C until the mid-logarithmic state. Cells were then washed and harvested by centrifugation
(3000 rpm, 10 min), resuspended in a particular fresh analysis buffer in order to fine-tune the OD
and finally diluted to the desired cell concentration with the particular buffer.

The bacterial concentration of certain OD was determined with colony forming unit assays from
serial diluted bacterial suspensions with overnight petri-dish cultivations in LB-agar.

Viability and killing assessments (I, 1, 111, 1V, V, VI, VIII)

The desired bacterial concentration was pipetted into a cuvette (1 ml, 2ml or 4 ml) or into a white
microtiter (clear or white bottom) plate well (=50 pl - 300 ul). After this BL and/or OD was
measured with a cuvette-exploited device (Hidex triathler, Hidex, Turku, Finland) or with a plate
reader [Hidex Sense or Hidex Chameleon] for the required time at 37 C.

Antimicrobial agents were added in desired concentrations. Toxins, serum and neutrophils were
tested using Hanks Balanced Salt solution (HBSS) and MPO-H,0,-halide system in (77 mM) a
phosphate buffer in variable pH.
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The dust samples collected with microfiber swipes were diluted in H,O or dimethyl sulfoxide in 10
mg dust/ml in a sample tube containing the swipe and the specimen dust. For toxicity measurements
these were further diluted in HBSS in a desired concentration and mixed with the bacterial
suspension in a microtiter well.

Specimens for CFU viability count were collected from a cuvette or a duplicate plate incubated at 37
C, and the specimens were diluted and spread in the LB-agar. Plates were incubated overnight at 37
C after which the colonies were counted. In neutrophil assessments the first dilution for CFU counts
were made in distilled water in order to lyse the neutrophils and to release the possible viable
bacterial cells from inside the phagocytic cell.

Serum handling and leukocyte separation (I, I1, 111, IV, V, VI, VII)

For neutrophil activity measurements, peripheral blood samples were collected from healthy adult

volunteer donors in ethylenediaminetetraacetic acid (EDTA) tubes, and leukocytes were separated
by mixing 1-5 ml of blood to 10-50 ml of NH,CI (0.83 %) including 370 mg/ml of EDTA to lyse
the erythrocytes. After 15 min of incubation, leucocytes were separated by centrifugation in 400 X ¢
for 10 min. Erythrocyte debris was removed by suction and leukocytes were resuspended in desired
cell concentration in HBSS. Further purification was refrained in order to avoid unnecessary stress to
the cells.

In the whole blood experiments the samples (EDTA) from humans or rats were diluted to a desired
concentration in HBSS without any separation procedures.

In all procedures, cells were counted with a microscope using a Biirker chamber.

For serum experiments, blood was collected from all studied species in serum tubes or capillary
pipes and separated by centrifugation. Serum dilutions were made in HBSS and with 10 % ethylene
glycol tetra acetic acid (EGTA) when the alternative pathway was in question. Surplus serum
samples were stored in the deep freeze at -80 C for further analysis. Haemolymp was collected
correspondingly from killed insects.

Chemiluminescence assessment (V, VI, VII)

Amplified CL assay was operated by pipetting luminol (Sigma, St. Louis, MO, USA) or lucigenin
(Sigma, St. Louis, MO, USA) suspension in the measurement well or a cuvette containing isolated
neutrophils or the whole blood dilution and the activator like zymosan (Sigma, St. Louis, MO, USA)
or bacterial cells. Luminol and lucigenin can induce CL emission with merely the MPO-H,0,-halide
system, and CL emission was also studied without neutrophils. The desired inhibitor or toxin was
added to the reaction mixture, and after the incubation period, the CL was recorded with a
luminometer.
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5. RESULTS AND DISCUSSION

5.1 Does the bioluminescence emission of the E. coli-lux correlate with the viability?
5.1.1 Batch culture in rich medium (I1)

Figure 13 shows a typical batch culture experiment of E. coli-lux in LBamwp medium. The inoculum
from freezer preparation was made into a flask with 200 ml LBavp medium containing initially
approximately 40 000 CFU/ml. The bioluminescence (BL) and the optical density (OD) were
measured and the colony forming unit (CFU) samples collected in 30 min intervals during the 8.5
hours of incubation at 37 C. The BL and OD were measured in a volume of 1 ml (cuvette). The zero
OD value was set by using pure LBauvp medium, and the instrumental background BL emission of
267 CPS was subtracted from the BL values.

After seeding the inoculum in the fluid medium, growth starts without the immediate increase in cell
number when bacteria cells are introduced and adapted to the fresh culture medium with proper
nutrients (Il). This adaptation means probable alterations in cell size, concatenation and/or
dismantling of the concatenation of the cells (350).
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Figure 13: (A) A batch culture experiment of E. coli-lux in LBaye medium performed in a 200 ml
flask. The bioluminescence [CPS (counts per second)] (@) and OD (optical density) (A) was
measured in a volume of 1 ml in 30 min intervals and five CFU (colony forming unit) (cells/ml) (%)
readings were made during the 8.5 hours of incubation at 37 C. The initial E. coli-lux concentration
was approximately 40 000 CFU/ml. A log phase is diverged with vertical black lines.

(B) CPS (m) and CFU (¥%) are shown as a function of OD during the incubation in the experiment
represented in Figure 13A. The average BL emitted by one E. coli-lux cell was 0.1 CPS/cell.

BL emission kinetics was committed with increase in the CFU values, and during the whole
incubation period, both readings increased approximately 10* fold (Figure 13). Figure 13B shows
CPS and CFU as a function of OD during the incubation in LBamp medium at 37 C. The average BL
emitted by one E. coli-lux cell was approximately 0.1 CPS/cell. The linear part of the figure begins
after 0.01 OD (Figure 13B), and this OD value seems to be the detection limit (approximately 10° E
coli-lux cells/ml) of the used cuvette photometer, with the light path of 10 mm. Values below 0.01
OD are artifacts due to noise signal and do not represent real turbidity data. This inability to detect
low bacterial concentrations is the reason why OD signal elevation during the whole incubation

53




period was only 10* fold, though the turbidity should also correlate directly with the increase of the
CFU values (72-74).

The logarithmic growth phase [1-3] starts after 240 min of incubation and is preceded by an
acceleration phase [1-3] starting at 120 min. The lag phase is not visible in the turbidity data, as
before 120 min the OD signal is lower than 0.01 OD. During the log phase, which is decelerated
after 450 min, the average generation time of E. coli-lux strain during the log phase was 40 minutes.
The BL signal demonstrates a significant increase (from 2 x 10° to 10" CPS) after 330 min of
incubation (Figure 13 A). The external addition of a substrate aldehyde, like decanal, during the
steady signal emission of the first hours of incubation caused a transient sharp increase in the BL
signal (data not shown), suggesting that the availability of fatty aldehyde was a limiting factor for BL
production (249, 260, 273-275).

Mid-logarithmic E. coli-lux cells were further used in killing experiments, since during the
exponential growth phase the microbe population is at its most uniform and viable in terms of
chemical and physiological properties (72, 73, 351) (I — VII).
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Figure 14: (A) A batch culture experiment of E. coli-lux in LBaye medium performed in the plate
reader in 200 pl in the well (transparent bottom) of the white microtiter plate. The bioluminescence
[CPS (counts per second)] (m) and OD (optical density) (O) were measured at regular intervals, and
six CFU (colony forming unit) (cells/well) (3r) readings were made during the 10 h incubation at 37
C. The background signals of LBy medium 69 CPS and 0.045 OD were subtracted from the
measurement values. The initial E. coli-lux concentration was 8000 CFU/Well (40 000 CFU/ml). The
CPS and OD values are shown as the mean +SD of measurements of three parallel wells.

(B) CPS (m) and CFU (%) are shown as a function of OD during the incubation of the culture
represented in Figure 14A. The average BL emitted by one E. coli-lux cell was approximately 0.07
CPS/cell.

When similar measurements were made in the volume of 200 pl in LBawp in a microtiter well
measured with the newest model, Hidex Sense, plate reader (Figure 14), the BL emission follows the
same pattern as in the higher volume (Figure 13). The inoculation was made so that the concentration
of the viable bacteria was 40 000 CFU/mlI (8000 cells/well), similar to the measurement presented in
Figure 13. In the plate reader there was a background signal of 69+5 CPS (n=20) and 0.045+0.007
OD (n=20), and these average values were subtracted from CPS and OD readings respectively.

During the whole incubation period, the BL signal and CFU viability both increased approximately
10* fold. In the microtiter well in a volume of 200 ul (Figure 14B) the CPS/cell ratio was 0.07
CPS/cell. BL emission seemed to be committed to the CFU in both experiments. The increase in the
OD readings was 10 fold. The detection limit of the photometer of the Hidex Sense plate reader was
approximately 2 x 10* CFU/well corresponding to 0.003 OD. OD values beneath this were artifacts
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also indicated by the high noise to signal ratio before the 210 min time point represented in Figure
14A.

However, above the detection limit the turbidity data manifested advisable dynamics in both
experiments (Figure 13 and 14), and above these limits the absorbance measurement is applicable to
the viability assessments. In Figure 18A, the log phase starts after 210 min of incubation and ends
after 3.5 h (Figure 14A). During this time, the BL signal increases significantly. The same
phenomenon was observed in the case of the 200 ml culture (Figure 13A).

It is noteworthy that in the microtiter well in the volume of 200 ul the theoretical light path was 3/5
of that in the cuvette, and according to Lambert Beer’s law this should also correlate with the ratio of
ODpiate reader/ ODcuvette. HoWeVer, inside the detection limit this ratio was 2/5 on the average (352).
Actually, due to meniscus variations caused by the buffer composition, the actual light path in the
well is shorter and there is no reliable way to calculate the liquid path length solely by the added
volume. The path length has to be measured separately from each well and this value used to
normalize the measured absorbance to 10 mm path length (352).
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Figure 15: (A) The E. coli-lux culture made in the plate reader in LBawp 200 ul from the log phase
cells. OD and BL were recorded during 5 h of incubation at 37 C. The bioluminescence [CPS
(counts per second)] (m) and OD (optical density) () were measured at regular intervals during the
300 min of incubation at 37 C. (B) CPS (m) and CFU (colony forming unit) (cells/ml) (%) are shown
as a function of OD during the incubation in the experiment represented in Figure 15A. There was a
background signal of 128 +8 CPS (n=20) and 0.03+0.007 OD (n=20), and these average values
were subtracted from CPS and OD readings respectively. The average BL emitted by one E. coli-lux
cell was approximately 0.09 CPS/cell. CPS and OD values are shown as the mean +SD of the
measurements of three parallel wells.

Other experiments presented further in this book are measured with the older Hidex Chameleon plate
reader. There was a background signal of 12848 CPS (n=20), and this average value was subtracted
from CPS readings. The detection of BL was similar and the BL kinetics comparable with the newer
measurement techniques. The detection limit and the dynamic range of the turbidity measurements,
however, were much weaker. The background signal was 0.03+0.007 OD (n=20), and the actual
detection limit 0.02 OD corresponding to 4 x 10° cells/well. The Hidex Chameleon plate reader is
not ideal for batch culture experiments (11). However, above the detection limit the measurement
dynamics was also passable.
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The dilution series was prepared from late log-phase cells, diluted until the OD in the plate reader
was near the detection limit. The volume of 200 pl of this E. coli-lux suspension in LBawvp was
pipetted into the microtiter well and OD and BL was recorded during 5 h of incubation at 37 C
(Figure 15A). There was no significant lag phase and cells went into the log phase after 15 min of
inoculation lasting approximately 40 min with the gain of one generation. The BL elevation (Figure
15A) begins during the log phase, the phenomenon already demonstrated in the batch culture
experiment introduced in Figures 13A and 14A.

Figure 15B represents BL and CFU (not shown in Figure 15A) as a function of OD during the
incubation of the culture introduced in Figure 15A. The detection limit of the plate reader seemed to
be 0.02 OD, and the lower values are from the dilution series. The average BL emitted by one E.
coli-lux cell was 0.1 CPS/cell (11).

5.1.2 Batch culture in minimal media (1)

L@ CPS M9 [ o-OD M9 B
LA CPS HBSS LA~ OD HBSS

1074

—————————— 0,01 10° s
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
min min

10°

Figure 16: (A) The bioluminescence [CPS (counts per second)] [(®) M9, (A) HBSS] and OD (optical
density) [(©) M9, (A) HBSS] of the E. coli-lux were observed during 200 min of incubation in the
plate reader in 200 pl at 37 C. The inoculation was approximately 5 x 10° E. coli-lux cells/well. There
was a background signal of 128 +8 CPS (n=20) and 0.03+0.007 OD (n=20), and these average
values were subtracted from CPS and OD readings respectively. (B) The incubation of different
dilutions from the HBSS culture shown in Figure 16A [(m) 1/10, (d) 1/20, (&) 1/50, (¥) 1/500] 200
pl HBSS buffer and incubated 200 min in the plate reader at 37 C. CPS and OD values are shown
as the mean +SD of measurements of three parallel wells

The growth rate of the bacterial population depends on the composition of the growth media, and
having determined the correlation between the BL emission and the number of viable E. coli-lux
cells during the batch culture in rich medium, the BL production and the growth of the E. coli-lux
was subsequently observed in various minimal media, such as M9 and hanks balanced salt solution
(HBSS), presented in Figure 16.

Because neither of these media supported intensive growth, inoculation was prepared from the
dilutions from log phase LB cultivation. After dilution, cells were washed and resuspended in M9awmp
and HBSSavp mediums in 200 pl in microtiter wells, initially containing approximately 5 x 10° E.
coli-lux CFU/well.
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The bacterial growth in minimal medium during the 200 min of incubation was marginal (Figure
16A). The BL signal in M9amp Was unstable, but in HBSS awmp it remained steady through the whole
incubation period. The CFU values (data not shown) reveal that the number of cells in HBSSawmp also
remains steady (5 x 10° E. coli-lux CFU/well). The CFU in M9ave medium after 200 min was 2 x
10° E. coli-lux CFU/well, indicating the gradual loss of viability during the incubation period. It was
noteworthy that the BL signal also decreased in the same ratio.

Average BL emitted by of one E. coli-lux cell, was 0.1 CPS/cell. Figure 16B presents the HBSSawmp
incubations made from the dilution series from the HBSS amp incubations.

In conclusion, the E. coli-lux based BL emission system seems to be applicable in kinetical and real-
time definition of bacterial viability. Turbidity measurement also provides such an assay but with
much weaker measurement dynamics, resulting from the weak sensitivity of the plate reader
photometer. In the older plate reader, the detection limit was at the level of 10° bacterial cells in the
well, requiring 10* times higher numbers of bacterial cells compared with the BL measurement (I1).
However, the newer plate reader obtained higher sensitivity and it can also be utilized in batch
culture experiments.

Figures 13, 14, 15 and 16 demonstrate that the BL emission of E. coli-lux is directly linked to the
number of viable bacterial cells, both in rich and in minimal media with efficient measurement
dynamics, capable of detecting from as few as 10? bacterial cells/well to as many as 10° cells/well,
with 0.1 CPS/cell ratio (II).

Since the HBSS sustained stabile cell viability (both BL emission and OD readings properties), it
seemed to be the ideal experiment buffer, providing cells with water and inorganic ions, while
maintaining a physiological pH and osmotic pressure. It was shown in our experiments and in
literature that bacteria in the log phase and simple salt medium (buffer and HBSS) are more
susceptible to toxins and other antimicrobial effectors than in rich media (351).

5.2 Antimicrobial study
Killing E. coli-lux by using ethanol and polymyxin B (11, VIII).

It was observed in the case of the batch culture in minimal media M9 (Figure 16A) that the
diminishment of the BL signal correlated with the degradation of CFU, i.e. the number of naturally
deceased bacterial cells was linked to the decrease of the BL signal. Would the same correlation still
be valid if the extrinsic antimicrobial agent was added?

The antimicrobial assessing was started by incubating E. coli-lux in the presence of ethanol (Figure
17) and antibiotic polymyxin B (PmB), which is a cationic protein, derived from the bacterium
Bacillus polymyxa (177) altering the permeability of the bacterial cell membrane and finally
disrupting the cell (285).

Two distinct antimicrobial effects, the bacteriocidic and bacteriolytic effects (134) (1, Il) introduced
in literature review section in Figure 6, were observed in ethanol incubation (Figure 17) and one in
PmB (Figure 18). First is the bacteriocidic effect, denoting the loss of viability of the bacterial cells,
which can be observed using all three techniques (BL, OD and CFU) presented in Figure 17, when
E. coli-lux was incubated in the presence of 20 % ethanol or 1.25 pg/ml PmB. The reduction of the
turbidity indicates the bacteriolytic effect (Figure 17B), leading to lysis of the target cells. The
bacteriolytic effect is always a bacteriocidic effect, but not vice versa, since lysis is not mandatory
for the loss of viability, i.e. the loss of viability may result in the reduction of BL signal and CFU
count but not necessarily the reduction of OD readings if the cells remain intact (134) (I, Il). The
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third antimicrobial effect is bacteriostatic (134) (I, Il), and since the HBSS did not support any
growth during the incubation period, this effect is not visible.

The fourth effect is not an antimicrobial reaction per se but stimulation (72) of metabolism and
growth caused by the antimicrobial agents exposed in small enough concentrations. This effect is
represented in Figure 17, where the lowest concentration of ethanol 1.25 % caused BL and CFU
signal elevation above the reference.
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Figure 17: The viability of 6 x 10° E. coli-lux incubated in 200 pl HBSS at 37 C in the presence of 20
% (square), 10 % (circle), 5 % (triangle up), 1.25 % (triangle down) and 0 % (star). (A) The viability
calculated from bioluminescence (black symbols) and colony forming unit readings (open symbols).
(B) The viability calculated from optical density (OD) readings (open symbols). The 100 % is set as
the initial reference value with no ethanol (II). CPS and OD values are shown as the mean +SD of
measurements of three parallel wells.

In the presence of ethanol (Figure 17) and PmB (Figure 18), the antimicrobial effect is visible in all
three methods used at high enough concentration. The decrease in BL signal correlated with CFU
(Figure 17A). The decrease in OD (Figure 17B) was apparently smaller due to a more restricted
dynamic range.

It was also noteworthy that, during the bacteriolytic reactions, the plate reader OD readings never
decreased under the detection limit (regardless of the CFU decreasing below 4 x 10° cells/well). This
was probably caused by cell debris cumulating in the measurement well.

The results can be plotted as a dose-dependency curve presented in Figure 18B, where the maximum
killing effect after 30 min of incubation is plotted as procentual killing against the concentration of
the antimicrobial agent. The 100 % killing was defined as the BL level reaching the background
signal of 128 CPS on the plate reader. The 0 % of killing is the level of the reference signal from the
bacterial well without exposure to antimicrobials. From this we can define the ECs, (effective
concentration) or ECy values, i.e. the concentration of antimicrobial agent killing 50 % or 90 % of
the bacterial population at a given time point, respectively. According to Figure 18B, ECs, for PmB
after 30 min of incubation is 0.04 ug/ml or 0.045 ug/ml, estimated from CFU and BL measurements
respectively. The ECgqg values were 0.06 pg/ml and 0.09 ug/ml respectively.

When using rapidly affecting antimicrobial agents like ethanol and PmB, the decrease in the BL
signal follows the ratio of the decrease of CFU readings (Il). The luminometric approach seems to
provide a reliable estimation of E. coli-lux viability and killing also in the presence of the extrinsic
antimicrobial agent.
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Figure 18: (A) The effect of the polymyxin B against 10° E. coli-lux cells and the bioluminescence
[CPS (counts per second)] from wells containing O pug/ml (m), 0.03 ug/ml (@), 0.06 pug/ml (&), 0.125
ug/ml (¥), 0.25 ug/ml (#), 0.5 pg/ml («) and 1,0 ug/ml (™) and CFU (colony forming unit) (cells/100
ul ) 0 pg/ml (@), 0.03 pug/ml (0), 0.06 pug/ml (A), 0.125 pg/ml (V), 0.25 pg/ml ), 0.5 ug/ml () and
1.0 ug/ml (&) of polymyxin B in 100 ul HBSS at 37 C. (B) The dose-dependency of the polymyxin B
after 30 min of incubation to the killing measured from CPS (m) and CFU (O) values. The 100 %
killing was defined as the CPS or CFU readings declined to the level of the background signal. CPS
values are shown as the mean £SD of the measurements of three parallel wells.

5.3 Innate immune systems

The serum complement system and neutrophil activity (phagocytosis) are the main tools utilized by
the immune system to restrict and Kill pathogens invaded to the vertebrate system. The actual
quantification of antimicrobial properties, the real-time kinetics of the bacterial killing, and the
killing capacity among many other qualities of these vital systems was studied (1, II, 1lI, 1V, V, VI,
VIII).

Previously, these parameters of the innate immune system were mainly studied with plate counting
assays. Now E. coli-lux provided an alternative method with many advantages compared to
conventional ones, like the availability of real time data, the use of small bacterial numbers in the
reaction and short incubation periods.

5.3.1 The complement system (I, 11, 111, IV)

The cell death kinetics of the complement system was assessed (Figure 19) by adding 10 % human
serum to the measurement well containing 6 x 10° E. coli-lux cells in 200 pl HBSS buffer at 37 C.
EGTA chelates free Ca** ions in the solution inhibiting the classical (Figure 19A) and lectin
pathways (LP), leaving only the alternative pathway (AP) intact (Figure 19B) (I, I1).

After mixing the bacteria with the serum, there was a period (a) before the signals (CPS and OD)
started to decrease. This was designated as an activation phase, during which the pathways were
activated and the membrane attack complex (MAC) was formed before the onset of killing (353).
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In Figure 19A, (a) was 17 min and with EGTA serum 86 min (Figure 30B). The actual killing
represented in Figure 30A was due to the activation of the classical pathway (CP) (353), since the LP
is reported to be in a minor role or even inactive in many cases (353). As reported, CP is a fast
operator and the time period from the activation to mac formation and the onset of killing was four
times shorter than that of AP.
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Figure 19: The viability of 6 x 10° E. coli-lux incubated in 200 pl HBSS at 37 C in the presence of
(A) 10 % intact human serum and (B) 10 % of EGTA treated human serum. The bioluminescence
[CPS (counts per second)] E. coli-lux (m) and E. coli-lux + serum (@), OD (optical density) E. coli-lux
(0) and E. coli-lux + serum (0) and CFU (colony forming unit) (cells/well) E. coli-lux (A ) and E. coli-
lux + serum (V) readings were measured at regular intervals during the 200 min. Arrows: a:
Activation phase (min), b: Lytic phase (min) and c: Residual level (CPS, OD, CFU)

After the onset of Kkilling, in both pathways, the CPS and OD signals started to decline
simultaneously. This indicates bacteriolytic activity, and the phase (b) was designated as a lytic
phase. In CP, it lasted 58 min (Figure 19A) and in AP 84 min. In CP, the killing by the entire
pathway (a + b) was 75 min and in AP 180 min. The residual level (c) presented viable cells in the
measurement well. From the residual and primary number of cells, the capacity of killing for the
particular serum dilution can be obtained (I, I1). Figure 19 shows that the killing capacity was the
same in both pathways.

It is notable that no activation phase was observed in CFU kinetics (Figure 19). In the CFU assay the
plates are incubated overnight and presumably the activation phase continued overnight. This was
visible in Figure 16 at zero incubation (0 min), where the diminishment of the CFU viability in plates
was already 25 % (l1).

Since the length of the activation phase differentiates CP from AP, we added anti-C1s and anti-C2
antiserum in the reaction. Both antisera prolong the activation phase from that of the CP (22 min) to
that of the AP (42 min) (I). These results also suggest that the LP was not active or had a minor role,
since C2 is an important component of this pathway. By using antisera, monoclonal antibodies or
component depleted sera, we are able to reveal anomalies, interindividual differences and
complement component deficiencies with the E. coli-lux method (1, 11).

The conventional method for the analysis of complement system activation is the total haemolytic
assay (CHso and AHsg values for CP and AP respectively) (284, 354).

These values indicate the capability of the complement system to lyse 50 % of sheep erythrocytes
during 90 min. In a real-time based application, like the BL approach presented in Figure 16, the
differences between parameters a, b and ¢ and ECsy or ECgy can easily be determined and compared.
Moreover, it enables the assessment of multiple serum samples and dilutions simultaneously on the
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same microtiter plate (96 wells) and, moreover, reaction kinetics is readable and comparable
throughout the whole incubation period (I, I1).

The characterization of antimicrobial parameters of serum was extended to some other species,
among them rainbow trout, pig and bat (I, 1l1). We characterized the suppressive effects of the
organic tin compounds to the complement system of the bat by testing the serum collected from
populations of the bat Myotis daubentonii naturally exposed to tin compounds (I11).

Arthropods do not utilize a similar complement system to vertebrates but have a group of
antimicrobial peptides in their haemolymph (the liquid in their open circulation system), acting in a
similar host defense role to the complement system in vertebrates. The E. coli-lux, alongside P.
luminescence, the source of the lux-gene, was used to test the antimicrobial effectiveness of the
haemolymh from the larvae of the species Bombyx mori and Galleria mellonella. Similar
antimicrobial functions to those existing in the vertebrate serum were observed. Though these two
phylogenetic diverse systems do not bear any structural similarities, they seem to constitute a
common functional model and location (1V).

5.3.2 Neutrophil activity (V, VI, VII)
Myeloperoxidase (MPQ) system

The conventional view in the literature is that the MPO-H,0,-halide system would be the main
killing mechanism during the respiratory burst (RB) by neutrophil phagocytosis. By using the BL
approach, the complicated mechanisms of the numerous variable factors of RB were assessed (V,
V1) (14-17, 25, 54).
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Figure 20: (A) Bioluminescence (CPS) kinetics of E. coli-lux (2 x 10° cells) (black square) incubated
in the presence of different concentrations of H,O, [12.5 uM (triangle down), 50 uM (triangle up),
200 uM (circle)] with (open symbols) and without (black symbols) 7 nM MPO in a plate reader in 100
ul phosphate buffer with 154 mM chloride (pH 7) at 37 C. Slope V, represents the rate of the
reaction. (B) The Michaelis-Menten kinetics defined from the killing kinetics of the E. coli-lux by
using the V, values (arrow in Figure 20A).

The pH varies between 5 to 8 during RB and phagocytosis; tough the actual bacterial killing takes
place at a higher pH (pH 7.8) (25, 61-64). There are several available halide ions, CI', Br’, I’ and F',
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and SCN" pseudo halide ion, included and, moreover, there are numerous both oxidative and non-
oxidative bactericidal agents present in a phagolysosome. The results and experiments described here
were made with CI°, which was reported to be the most abundant halide in phagolysosome.

Figure 20A shows the H,O; killing kinetics and the enhancement of the antimicrobial reaction when
MPO was added to the reactions at pH 7. This kinetics (Figure 20A) seemed to obey the
characteristics of Michaelis-Menten kinetics (355, 356) (Figure 20B), and V,,,, and K, could be
determined provided that v, was defined as a number of killed bacterial cells in a time unit. If v, is
plotted against substrate concentration s (H,O, concentration), the curve represents the section of
rectangular hyberbola and by substituting v=V,, /2 becomes s=K,, (450 mM H,0,). These values
can be defined to the different amount of MPO and bacteria used in reaction.
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Figure 21: The dose-dependency after 30 min of incubation of H,O; (triangle up), H,O, + 0.7 nM
myeloperoxidase (MPO) (circle) and HOCI (NaOCI) (triangle down) in (A) pH 5 and (B) pH 7.8
phosphate buffer with 77 mM NaCl against 10° E. coli-lux cells in 100 pl phosphate buffer at 37 C.
Open symbols show the same results in the presence of 1 mM methionine. The 100 % killing was
defined as the CPS reading declined to the level of the background signal and the 0 % of killing as
the CPS reading from the bacteria with no toxin added.

The dose response (Figure 21) was gained from the reaction where E. coli-lux (10° cells) was
incubated in the presence of different concentrations of H,O, with and without 0.7 nM MPO at
different pH (pH 5 and pH 7.8). HOCI was also tested in different concentrations (V, VI).

At pH 5 the addition of MPO enhanced the killing significantly (Figure 21A), but when pH was
increased to pH 7.8, being the real pH value during the actual Killing process inside the
phagolysosome (25), the added MPO did not enhance the H,O, killing, i.e. there was no chlorination
capacity available (Figure 21B). Inactivation means that HOCI is not produced, because Figure 21
shows that HOCI is pH was a prominent microbicide at both pH values presented.

Bacteria presumably have “safe-groups”, like methionine (Figure 21), cysteine and glutathione,
containing a sulfhydryl group (R-SH) possibly scavenging the radicals produced by the host (357).
The effect of the methionine (1 mM) is presented in Figure 31. Methionine scavenged HOCI killing
at both pH values. On the other hand, methionine did not inhibit the antimicrobial reaction of H,0,
since a ten-fold higher concentration of methionine was needed for the inhibition of H,O, derived
killing (data not shown).

During phagocytosis, the serum proteins like albumin also influence the killing process. Inactive
serum and serum albumin in different concentrations were tested. Inactivated serum inhibited the
MPO-H,0,-halide system, H,O, and HOCI Kkilling (data not shown) already in moderate
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concentrations, but the bovine serum albumin (20 mg/ml) did not have any effect on the killing (data
not shown). The question is in how high concentrations these factors exist in phagolysosome during
the actual phase of killing. Active serum factors affect the phagocytic killing of microorganisms by
their opsonic and other functions. It is also noteworthy that the active complement system is still
operating on the bacterial cell surface during the ingestion and in phagolysosome augmenting the
bacterial destruction (2, 3).

Azide, acetaminophen (ACP) and taurine are known inhibitors and modulators of the MPO-H,0,-
halide system (358, 359) (V, VI). Azide and ACP are MPO inactivators and modulators,
respectively, and taurine the HOCI scavenger (V, VI). These compounds were tested with E. coli-lux
in both the cell free system, which was described earlier, and the cellular system using intact
neutrophils (Figure 22).

Azide inhibited the MPO-H,0,-halide system at pH 5 but did not have any effect on the H,0,
killing. Taurine inhibited the MPO-H,0,-halide system at pH 5 and HOCI killing at both pH 5 and
pH 7.8. ACP did not inhibit the killing; on the contrary, it enhanced the killing in the cell free system
with used concentrations (< 1 mM) (data not shown). However, when the same effectors were tested
in the cell system, they did not have any effect on the killing of the E. coli-lux cells (Figure 22).
Amino acids with R—SH, like methionine, cysteine and glutathione, were also tested in neutrophil
reactions. These amino acids did not have any effect on the killing of the E. coli-lux cells (data not
shown).

The influx of the inhibitors into the neutrophils was confirmed by the CL assay operated
simultaneously with the killing assay (Figure 22). Luminol derived CL (emission max ~ 450 nm) is
linked to the release of MPO from the azurophilic granules (342). Lucigenin (CL emission max ~
480 nm) reacts with the superoxide and indicates the attachment (adhesion) of the target to the
neutrophil membrane (343-345).
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Figure 22: The effects of human neutrophils (10° cells) against 10° E. coli-lux cells. Serum (1 %)
was used for opsonization and cytochalasin D (CYT) (10 pM) and methionine (MET) (1 mM) for
inhibition. E. coli-lux (square), E. coli-lux+serum (circle), E. coli-lux+serum+neutrophils+CYT
(triangle up), E. coli-lux+serum+MET (trangle left) and E. coli-lux+serum+neutrophils (triangle
down). Black symbols represent bioluminescence (CPS) and open symbols colony forming units
(CFU). The black line represents the chemiluminescence amplified by luminol (lum) and the grey
line by lucigenin (luc).
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Figure 22 shows 10° E. coli-lux cells killing by 100 000 human neutrophils. Cytochalasin D, a
mycotoxin produced by Arpergillus clavatus, was used in the test system as a phagocytose inhibitor.
Cythochalasin D prevents the actin filament function obligatory for ingestion (182, 182, 183).

Figure 22 also shows that azide, MPO inhibitor, did not inhibit the killing by the neutrophils (Figure
22).

Results indicate that the MPO-H,0,-halide system is not playing such an established role in the
antimicrobial process of neutrophils. The results support the idea presented by Segal et al (25) that
MPO-H,0,-halide is not the major killing mechanism during phagocytosis, since at pH 7.8 the MPO
system is inactivated.

Actually, we have shown that at pH 7.8 the H,O, concentration in phagolysosome, reported in
literature to be near 2 uM (46), is enough to kill one bacterial cell without the need for MPO
enhancement (VII). We presume that the normal bacterial killing utilizes only H,0,, and MPO is
needed only in an emergency, for example, during severe infections and inflammation when oxygen
gain into the neutrophils is somehow restrained and only a small amount of H,O, is produced by RB.

The controversial role of MPO

As described above, MPO seems to have a controversial role in phagolysosome Killing. Still, it is the
most abundant protein in neutrophils (23), and thus it is bound to have some importance in the
vertebrate system. During infection and inflammation, there is also an abundance of MPO in the
extracellular matrix and, it may have a role in extracellular killing. The extracellular pH is near 7,
and at this pH the MPO-H,0,-halide system is still very actively functioning and producing HOCI or
other hypohalide acids.

Discussion of programmed bacterial cell death

As discussed earlier and postulated also in the literature section, cell death through the genetically
defined activation pathways also occurs in cells like E. coli, which possess characteristics of
apoptosis, i.e. programmed cell death (PCD), (135-137, 139-141). This phenomenon is also present
in the results section of this book with the manifestation of logarithmic degradation of the viability,
especially in complement killing kinetics in Figure 19. We know that bacteria of different ages, or
cells from cultures of different ages, differ in their susceptibility to the given agent. It has been
reported that young cells are more readily destroyed than older ones (82, 135-138). The logarithmic
dying pattern of a bacterial cell population can also be explained by this finding. The youngest
population in patch culture is the largest one, and in the logarithmic death phase the first dying
population is the largest one (Figure 7). This phenomenon can be dictated by the cytological
resiliency of mature cells, forming more effective resistance than in the younger cell population.
Triggering factors are partly the same as in sporulation and dormancy: disinfectants, heat, pressure,
osmotic stress, DNA-damage, oxidative stress, the prevention of the phage infection and the
prevention against the evasion of immune systems, like complement system and lysozyme (142) (11).
Still, not all killing possessed logarithmic killing kinetics, and this was the case when E. coli-lux was
exposed to HOCI (figure represented in manuscript (V1) in original publications). In the MPO-H,0,-
halide system, chlorination-derived killing is presumably caused by HOCI, produced by enzyme
kinetic rates. When HOCI was added in the reaction as a bolus, the killing ceased to follow the
logarithmic pattern. This is the topic of an on-going study, and the hypothesis is that the HOCI
killing mechanism is a rapid oxidation of proteins with R—SH on the bacterial cell wall as the H,0,
induces a PCD reaction in the bacterial cell population.
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5.4 Toxicological assessment with E. coli-lux (VIII)

The effects of ethanol and PmB were previously tested in order to reveal their basic antimicrobial
effects against E. coli-lux. The investigation continued to get more detailed information on different
antimicrobials and their killing effects. Could the E. coli-lux be used as a probe in assessing toxicity?

Susceptibility of E. coli-lux and sensitization

When bacterial cells are considered to be used as probe cells in toxicological assessments, it is
important to clarify which mechanisms utilized by various cytotoxic agents and the mechanisms of
single chemicals are outlined in the literature review section.

The first step was to study the effects of various organic solvents, like methanol and dimethyl
sulfoxide (DMSOQO). E. coli-lux was found to be sensitive to both methanol and DMSO (data not
shown), and concentrations higher than 5 % were refrained in assays.

Beta-lactam antibiotics like penicillin and its derivates, like ampicillin, did not affect the E. coli-lux
due to the amp gene, producing the beta-lactamase enzyme providing resistance against these
particular antibiotics (72, 175).
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Figure 23: The bioluminescence (BL) kinetics of (A) E. coli-lux (10° cells) incubated in the presence
of different concentrations [black symbols (square) 0 pg/ml, (triangle right) 0.25 pg/ml, (triangle
down) 2.5 pg/ml, (triangle up) 25 pg/ml and (circle) 250 ug/ml] florfenicol in the plate reader in 100
ul HBSS at 37 C. All concentrations of florfenicol were also tested with 0.03 ug/ml polymyxin B
(open symbols). (B) The dose-dependency of the florfenicol to the killing after 120 min (square) and
300 min (circle) of incubation. Open symbols represent the measurement in the presence of
polymyxin B. The 100 % killing was defined as the CPS reading declined to the level of the
background signal and the 0 % of killing as the CPS reading from the bacteria with no toxin added.
CPS values are shown as the mean £SD of measurements of three parallel wells.

E. coli is known to naturally resist some toxins by preventing their influx. For analytical purposes we
can use sensitizers such as PmB. Acting like a detergent, PmB alters the permeability of the plasma
membrane (177, 285). It is used in moderate concentrations, like 0.03 upg/ml, in the experiments
shown in Figures 18 and 23, allowing intracellular transportation of the toxic agents without
disrupting the cell.

Figure 23A represents the BL kinetics of the incubation of 10° E. coli-lux with florfenicol (antibiotic
influencing ribosomes and protein synthesis, derived from chloramphenicol and used in farm animals
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(141) (175)). Florfenicol samples and references were measured both with and without PmB, in
order to fractionate between the possible intra- and extracellular toxicological effects. E. coli-lux was
susceptible to florfenicol, and during the 300 min of incubation 250 pg/ml erased bacterial viability.
When sensitized with PmB, already 25 ug/ml of florfenicol was enough to kill all the bacterial cells,
and 250 ug/ml of florfenicol reduced viability to zero already after 100 min of incubation.

Figure 23B shows the dose-dependency at 120 min and 300 min of incubation, and Table 3 outlines
the ECsp and ECqy values. PmB sensitized the E. coli-lux cells and enhanced and accelerated the
impact of florfenicol.

Table 3: The effective concentration 50 % (ECsy) and 90 % (ECy) of florfenicol after 120 min and
300 min of incubation, with (PmB) and without polymyxin B (0.03 ug/ml) from the measurements
presented in Figure 23.

ECso (ng/ml)  ECs’™ (ng/ml)  ECoo(ug/ml)  ECoo™™ (ug/ml)
120 min 9.3 5.7 90.1 60.8
300 min 4.4 11 19.5 8.5

Testing the antimicrobial effects of purified toxins

The antimicrobial effects of a wide range of different solvents, toxins and antibiotics were tested in a
variety of different conditions in order to clarify the susceptibility of E. coli-lux to these agents.
Figure 24 represents the dose-dependency of six different toxins against 10° E. coli-lux cells after
180 min of incubation both with and without 0.03 ug/ml PmB. Deoxynivalenol (DON) (Vomitoxin)
is a B trichothecene mycotoxin (Figure 24A) produced by the Fusarium mold commonly found in
grains (189-195). Without sensitization, DON mainly manifested a weak bactericidal effect, and the
ECso value was reached with 1000 ug/ml. When sensitized with PmB, the probable intake of the
toxin increased and the killing effect was notably enhanced with the ECs, value of 2.0 ug/ml, 500
folds lower than without PmB.

The same effect was present with moniliformin (MON) (Figure 24B), which is also a Fusarium toxin
(189-195). ECso of MON without PmB sensitization was 100 pg/ml and with PmB only 0.9 pg/ml.
T-2-toxin (189-195), the third Fusarium toxin (Figure 24C), reported to be highly cytotoxic, had an
ECso value of 0.5 ug/ml, and when sensitized 0.04 pg/ml. With T-2-toxin and chloramphenicol
(CHP) (Figure 24D), the broad-spectrum antibiotics, the PmB sensitization had an enhancing effect
only in lower concentrations. The ECsy values for CHP were 0.4 ug/ml and 0.1 pug/ml with PmB.
Figures 24E and 24F present the dose-dependency of two antibiotics acting within the bacterial cell.
Nalidixic acid is a quinolone derivate, disrupting DNA replication (141). After 180 min of
incubation Nalidixic acid was not bactericidal but mainly bacteriostatic. ECsy value was 980 pg/ml
and with PmB 300 pg/ml. Nalidixic acid is a DNA gyrase inhibitor, and this type of inhibition
requires bacterial growth to be observed, and presumably this is a reason for the high EC values
during 3h. Tetracycline is an antibiotic inhibiting the protein synthesis of a wide spectrum of
bacteria. The ECsg values were nearly similar with and without PmB, the values being 46 pg/ml and
58 ug/ml respectively. This could result from the fact that the tetracycline molecule (146) can enter
the plasma membrane quite efficiently even without any assistance or sensitization.

PmB is a practical tool for sensitization, but it must be noted that in organic solvents (like methanol
or DMSO) it significantly increased the variation between the parallel measurements.
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Figure 24: The dose-dependency of six different toxins after 180 min of incubation (A)
deoxynivalenol, (B) moniliformin, (C) T-2-Toxin, (D) Chloramphenicol, (E) Nalidixic acid and (F)
Tetracycline against 10° E. coli-lux cells after 180 min of incubation in 100 ul HBSS at 37 C both
with (open symbols) and without (black symbols) 0.03 ug/ml PmB. The 100 % killing was defined as
the bioluminescence reading declined to the level of the background signal and the 0 % of the killing
as the CPS signal from the bacteria with no toxin added.

Testing the extracts from toxic molds (VIII).

Normally, toxicity is a combination of numerous complex factors and synergism (360, 361).
Previously, we showed the very simplest example of synergism, with two factors, when PmB was
used as a sensitizer with toxins and antibiotics (Figures 23 and 24). The measurement of total
toxicity was revealed when extracts from 6 species of indoor molds [Aspergillus versicolor (Av),
Aspergillus westerdijkiae (Aw), Paecilomyces variotii (Pv), Penicillium expansum (Pe),
Trichoderma atroviride (Ta) and non-toxic reference Trichoderma reesei (Tr)], collected from mold-
damaged houses and pure laboratory cultured (Food and Environmental Sciences, Helsinki
University, Helsinki, Finland), were studied (Figure 25). As a reference, the same extracts were
exposed to boar sperm cells and PK-15 porcine kidney epithelial cells and their viability was
assessed (VIII). These methods are commonly used in cytotoxicity measurements (184, 186, 362-
364).
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Figure 25: The dose-dependency of extracts from 6 molds after 240 min of incubation (A)
Aspergillus versicolor, (B) Aspergillus westerdijkiae, (C) Penicillium expansum, (D) Paecilomyces
variotii, (E) Trichoderma atroviride and non-toxic reference (F) Trichoderma reesei against 10° E.
coli-lux cells in 100 ul HBSS at 37 C both with (open symbols) and without (black symbols) 0.03
ug/ml PmB. The 100 % kiling was defined as the CPS reading declined to the level of the
background signal and the 0 % of the killing as the CPS reading from the bacteria with no extract
added.

Results indicated that similar doses of metabolites from mold extracts sufficient to decrease E. coli-
lux viability were also inhibiting the viability functions of PK 15 cells and the motility of boar sperm
cells (VIII). E. coli-lux was less susceptible to the extract from Tr (Figure 25F) selected for non-
toxic reference. It was selected as a reference sample because the extract did not inhibit PK-15 cell
viability or boar sperm motility. All three cells seemed to be very susceptible to the extract from Pe
(V).

Sensitization with PmB made E. coli-lux more susceptible to all extracts (Figure 25), and the
reference sample also became toxic (Figure 25F). The results of E. coli-lux and boar sperm cells are
outlined in the Table 4.
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Table 4: The effective concentration 50 % (ECs, ) and 90 % (ECq) of extracts from 6 molds
[Aspergillus versicolor (Av), Aspergillus westerdijkiae (Aw), Paecilomyces variotii (Pv), Penicillium
expansum (Pe), Trichoderma atroviride (Ta) and non-toxic reference Trichoderma reesei (Tr)]
against boar sperm cells and 10° E. coli-lux (VIII).

Sperm Cells E. coli-lux
The inhibition of mobility The reduction of bioluminescence

Molds Polymyxin B (0.3 pg /ml)
ECso (Mg/ml) ECso (ng/ml) ECoo (Mg/ml) ECso (Hg/ml) ECqg, (Hg/ml) ECso (Hg/ml)
1h 24 h 4h 4h 4h 4h

Av 250 10 50 34 10 3

Aw 10 5 20 18 4 2

Pe 10 1 4 2 0,4 <0.1

Pv 25 5 130 69 90 25

Ta 10 3 15 12 2 <0.1

Tr 250 >50 200 145 6 3

5.4.1 Toxicity analysis from indoor dust

The toxicity testing application for indoor air assessment includes both the sample collection kit and
analysis system with E. coli-lux cells as an inductor. The test system reveals the “total toxicity” of
the sample, taking into account the toxicity from all sources and not just the microbe-derived
toxicity. Indoor dust was collected from at least three points of a room to exclude possible
“background noise” caused by detergents and other factors cumulated in normal indoor dust. From
each detection point two samples were swiped using microfibre swipes (in total 6 samples/ room)
(Figure 26). Dust was weighted and suspended both in H,O and in DMSO in 10 mg dust/ml. The
extract was diluted into the desired concentration and subjected to E. coli-lux. Results were plotted in
the dose-response curve showed in Figure 27.

Figure 26: (A) The indoor dust sampling kit, the swipe and the tube, innovated during the project.
Before sampling, the tubes containing the swipes are weighed. (B) Indoor dust sampling in
progress. After sampling, the tube with the swipe is reweighed in order to gain the quantity of the
collected dust.
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Figure 27: The results of the standard dust samples diluted in H,O (A) and DMSO (B) taken from
the known targets. Open squares represent the 120 min dose-dependency against E. coli-lux (10°)
cells of the non-toxic (square) and the toxic sample (circle). The grey bar represents the “signal to
noise ratio” (9.2 % in H,O and 11.7 % in DMSO dilutions). The 100 % killing was defined as the
CPS reading declined to the level of the background signal and the 0 % of the killing as the CPS
reading from the bacteria with no toxin added.

Figure 27 represents the standard dust samples collected from the targets known to be either highly
toxic or non-toxic interiors. The grey area represents the signal to noise ratio of the measurement
system, which was on average 9.2(+1.4) % in H,O and 11.7(+1.7) % in DMSO dilutions. The signal
to noise ratio was determined as a portion of the standard deviation (3 parallel measurements) from
the BL signal without the toxic sample. The testing of 951 samples from 65 different, damaged and
non-damaged, buildings (14 public and 51 private) let us outline the toxic threshold values.

The limit value of the toxic sample was determined to be ECso = 100 pg/ml, both in H,O and DMSO
dilutions, and the results were divided into four categories, which are summarized in Table 5. The
third class is an ambiguous category needing more detailed knowledge on the target. This class is
usually considered to be non-toxic, but if for example all the other samples from the target are highly
toxic we can also interpret this one to be as well, or vice versa.

Table 5: The toxicity categories used. Classes | and Il are clearly toxic, 11l is an ambiguous category
and IV clearly non-toxic.

Class ECs Toxicity
I ECso < 25 pg/ml Highly Toxic
I ECso = 25— 100 pg/ml Toxic

Il ECso = 100 — 250 pg/ml Compromised
v ECso> 250 pg/ml Non-toxic

Figure 28 represents four categories in practice, representing four samples of one mold-damaged
school building in Southern Finland. From this building, we diagnozed all the four different
toxicological classes. Our application proved to have a good ability to differentiate and fractionate
the toxic areas inside the damaged buildings. PmB sensitization was not utilized in these
experiments, represented in Figures 27 or 28, because its additional value for the results was
determined to be low.
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Figure 28: The results of the dust samples collected from different spots of the mold-damaged
school building in Southern Finland. Circles represent the 120 min dose-dependency of the sample
dilutions (H,O) against E. coli-lux (10° cells). The grey bar represents the signal to noise ratio of the
measurement system. The 100 % killing was defined as the CPS reading declined to the level of the
background signal and the 0 % of the killing as the CPS reading from the bacteria with no toxin
added. All four toxicity classes (table 5) were discovered from the results in the current study.

In the TOXTEST project (part of the Hometalkoot project funded by the Ministry of Health and
Welfare 2010-2012) (365), indoor dust samples were collected from 11 damaged and 11 healthy
targets. Target buildings were diligently chosen on clinical and constructional bases by medical
doctors and construction engineers, and both the occupants and the buildings were thoroughly
diagnosed. Toxic analysis included, inter alia, E. coli-lux and boar sperm cell applications. Despite
the diligent preparation, the sampling from the targets was unsuccessful and the samples were not
representative (365). E. coli-lux application recognized the damaged buildings in 80 % and 60 %
specificity and sensitivity, respectively, when just dust samples and the targets were compared (365).
The TOXTEST data was reanalyzed in 2014 in cooperation with Professor M. Salkinoja-Salonen
(Food and Environmental Sciences, University of Helsinki, Helsinki, Finland) and by Professor M.
Gasik (Aalto University, Espoo, Finland), and the sensitivity and specificity combined with the boar
sperm cell test results were >75% and 100 % respectively when compared with the health status of
the buildings and their users (Figure 29).
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Figure 29: The Bayesian analysis (366) allowed the selection of the threshold values for ill-health
symptoms allowing high sensitivity (>75%) and specificity (nearly 100%) values to classify the toxic
status of the indoor space by the E. coli-lux application. ECs, represents the lowest concentration of
dust substance that was cytotoxic to 50 % of exposed sperm cells compared with vehicle control.
Remarkably toxic samples were found in 11 sites. Data is expressed as pEC50 (-log;o[25/EC50])
correlated with the loss of luminescence of E. coli-lux. Clean buildings (open circle) and
contaminated (black circle)

5.5 Toxicological assessment using neutrophils (V1)

Neutrophils are good indicators of the pathophysiological state of the individual (335-337). As
described earlier, the luminol amplified CL method is directly linked to neutrophil activity.
Neutrophils can be used as a probe for toxicological assessments either directly exposed to the toxins
or measuring PMN activity of the exposed individuals (V, VII).

A

CPS

—— CONTR B
1200000 — —@—5.M 100 ‘ ———n
—A— 10 uM g
—¥—20uM =~ 90 ﬁ —
1000000 | —@—40 M = ||
] —4—50,M g 8o /
800000 - Cytochalasin D 5 70
] (Aspergillus clavatus) g 60 /
>
600000 - S 50 .
] < 40 /
400000 - kS
2 30 f
200000 £ 20 /
o
| E 10l M
£ /
0 0
0O 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100
min uM

Figure 30: (A) the effects of the cytochalasin D O pM (m), 5 uM (@), 10 uM (4A), 20 pM (V), 40 pM (
¢) and 80 uM () to the luminol aplified chemiluminescence signal of human neutrophils, induced
by the zymosan in 200 pl HBSS at 37 C. Dose-dependency is presented in (B) as an inhibition
related to the maximum emission peak of the reference measurement without the toxin (0 %
inhibition). The effects of the toxin on the activity/cell, i.e. the peak of the CL emission per
neutrophil, takes into account the number of used neutrophil cells and is designated as specific
toxicity (m).
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Cytochalasin D decreased the luminol amplified CL peak value of the human neutrophils activated
by the zymosan (Figure 30A). The response is presented in Figure 30B as related to the maximum
emission peak of the reference measurement without the toxin (VI). The effects of the toxin on the
activity/cell, i.e. the peak of the CL emission per neutrophil, is shown in Figure 31B, which takes
into account the number of used neutrophil cells and is designated as specific toxicity (VII). The
ECso for cytochalasin D was 9 uM.

Figure 31 presents the response of mycotoxins. These same toxins were assessed with the E. coli-lux
system using the same mycotoxin concentrations represented in Figure 24.
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Figure 31: The specific toxicity of different toxins (A) deoxynivalenol, (B) moniliformin, (C) T-2-
Toxin, (D) Chloramphenicol, to the activity/neutrophil. Maximum emission peak of the reference
measurement without the toxin was set as a 0 % of inhibition.

Neutrophils can be used as a probe in the toxic assessment of different chemicals. The application is
restricted to H,O soluble agents, as neutrophils are sensitive and susceptible to organic solvents such
as methanol and DMSO.

Nevertheless, CL analysis is a practical method for testing the effects of different toxins on
mammalian cells, and moreover, analysis can be done directly from whole blood dilutions without
cell separation. The required amount of blood is very low, enabling fingertip sampling and the usage
of small test animals like rats. Luminol derived CL is linked to the release of MPO from the
azurophilic granules of the phagocytes (342). It has been reported that in whole blood the major CL
emission comes from neutrophil activity; the alternative CL source, the monocytes, emits only about
50 % of neutrophil emission, and neutrophils represent nearly 90 % of the whole phagocytic
leukocyte population (342, 347).

The CL emission method was utilized when MON was administered to rats in a subacute toxicity test
orally on a daily basis for 28 days (VII). Rats were divided into 8 groups on account of dosage,
including one control group without MON. MON, even in the smallest dosage, significantly
decreased neutrophil activity compared with that of a control group, indicating an adverse effect on
innate immunity (V1I).
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Figure 32: The chemiluminescence signals of four parallel dilutions containing (A) 1, (B) 2, or (C) 3
neutrophils from a single donor.

Figure 32 shows unpublished data from an experiment setting where cell suspension was diluted
until the background signal was reached and signals diverging significantly from the background
(background + 3SD) were observed. Figure 32 shows the CL responses of various dilutions
containing the hypothetical number of neutrophils. The wells with 1, 2, or 3 neutrophils (four parallel
dilutions for each cell number) gave peak CL responses of 139(+27) CPS, 226(+28) CPS, or
300(£25) CPS, respectively. Thus, the peak CL value of one neutrophil was 81(+2) CPS. The mean
peak CL value for one cell from 4 different donors was 70(x9) CPS. The peak time of a single cell
for one donor varied from 10 to 30 min. A similar analysis was also done from whole blood dilutions
with similar results (data not shown). When the peak CL responses of the neutrophils of four
different donors were plotted against the cell number, linear correlation was obtained (data not
shown). The single cell peak responses were remarkably constant, revealing little heterogeneity. The
peak time, on the other hand, varied between 10 and 40 minutes and the onset of the reaction
between 0 and 20 min.

The single cell method provides a potential technique for the biomonitoring of the users of the toxic
buildings alongside toxicity analysis.
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6. CONCLUSIONS AND FUTURE PROSPECTS

6.1 Insight into the serum complement system and neutrophil activity

E. coli-lux application is especially suitable for the assessment of innate immunity activity, namely
the activity of the serum complement pathways and the phagocytosis (I, I, Ill, 1V, V, VI). In the
future, regarding the complement system, component depleted or deficient serum samples are used to
clarify the true impact of the individual components and separate pathways on microbe killing.
Simultaneously, flow cytometer can be utilized to find out the composition of the complement
proteins and proteases attached to the bacterial surface at a given time of the reaction. The same
procedures can be extended to phagocytosis assessment when bacteria in different phases of
“opsonization” are targeted at neutrophils, and bacterial killing efficiency is recorded, combined with
luminol and lucigenin amplified chemiluminescence (CL) measurements.

Killing by neutrophils, especially concerning the entity of the phagocytosis, is still under incessant
investigation. To conclude, we showed that the phagolysosomal concentration of H,O, is high
enough (pH 7.8) to support the killing of one bacterial cell without MPO participation (V). The
chlorination activity of the MPO was drastically reduced at a higher pH.

The number of bacteria in the reaction mixture has a large impact on the concentrations of agents
needed for the killing. This is why the testing of the killing parameters with the variable
concentrations of MPO-H,0; system utilizing different halides and halide concentrations at different
pH will provide an adequate research project reaching far into the future.

6.2 Microbiological and biochemical sentiments

With the advantages of BL measurement, regarding the real-timeness and easy-to-do assaying, it is a
considerable option for viability and killing assessments. Plate counting viability assay, the golden
standard in microbiology, is a quite tedious and time-consuming method, and for example the
kinetical measurement requires a preparation of huge numbers of plates. Moreover, plating
completely lacks real-time properties, since the results are obtained after long incubation periods. We
also showed that there is a bias in the long incubation period, since in the antimicrobial assays the
antimicrobial agent usually follows into the culture agar, continuing the reaction during the overnight
incubation, and thus affecting the results. This was visible especially in our complement and in
neutrophil/MPO-H,0,-halide assays as advanced killing on the plates compared with the real-time
data (11, VI).

E. coli-lux also possesses the genes producing enhanced green fluorescent protein (EGFP) (Il). The
gene is located under the same powerful lac-promoter as the lux-gene-cassette and produces EGFP
protein. EGFP is a good detector of the cell number, and measurable with the plate reader, but as a
highly stabile protein it stays actively fluorescent after the bacteria had died and even lysed. Thus it
is not practical for E. coli-lux killing assessments and has not been used in these studies. The plate
reader also measures optical density (OD) in real-time, but the sensitivity was low and the
measurement dynamics not comparable with the BL application (I1). This disadvantage was however
improved in the newer models of the plate readers.

The ideal setting in microbial assessments would be measuring three parameters simultaneously, the
BL signal representing viability and killing, OD the growth and lysis and the fluorescence from the
EGFP the estimation of the number of bacterial cells.

The BL signal correlates directly with the number of bacterial cells in the reaction, and in Hidex
plate readers this ratio is close to 0.1 CPS/CFU (ll). The same principle and ratio apply with the
minor aberrations in bacterial killing. The diminishment of the BL correlates with the number of
killed bacterial cells. The application is capable of assessing reactions containing 10% to 10° bacterial
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cells, and the plate reader utilizing microtiter plates with 96 wells provides a nearly high-throughput
application for the analysis. The BL application of E. coli-lux is a practical and advantageous method
for viability assessment.

The restriction of the application is that it requires a gene-manipulated organism, like E. coli-lux.
Our consideration in the future is to utilize another, gram (+) organism, like S. aureus, transformed
with the same construct to be used especially in immunological studies, mainly in the complement
system and phagocytosis.

6.3 Toxicological assessment

E. coli-lux, constitutively emitting bioluminescence (BL), was developed and utilized as a
convenient tool for the analysis of the antimicrobial properties of different antimicrobial agents. It
was progressively used to detect the kinetical features of the serum complement system, neutrophil
activity and the toxicity of different chemicals and factors (I, Il, 111, IV, V, VI, VII, VIII).

There is a generalized opposition against the use of bacterial cells as toxicological probes because of
the assumption that bacterial cells would not be susceptible to many toxins. Nevertheless, we have
shown that E. coli-lux is actually very handy and cost-effective for just these purposes, and
moreover, exactly comparable and parallel with the conventional mammalian cell probes (VIII). The
handicap of the E. coli-lux application is its resistance to beta-lactam antibiotics. It is known that
some species of fungi may produce these or related molecules which are thus not detectable with the
current E. coli-lux method. Still, the sensitivity and the specificity combined with the boar sperm cell
test results were >75% and 100 % respectively, when compared to the health status of the buildings
and their users.

The analysis and sampling kit for the indoor air total toxicity testing (not just the microbe derived
toxicity) is underway to be completed, as the application will be officially accredited in 2015.
Alongside the E. coli-lux, the neutrophils with the CL emission ability were used as a reference
method, revealing the cytotoxic effect against mammalian cells. When rats were subjected to
moniliformin, the neutrophil activity was assessed to decrease significantly during the 28 days of the
exposure (VII).

In addition to the cytotoxic characters of the toxins, the biomonitoring of the users of the damaged
buildings is also a part of the on-going project. Like on the neutrophils of the rats previously, the
effects of the toxicity on the neutrophils of the building users will be tested by assessing the luminol
amplified CL emission of the fingertip whole blood samples. As presented in the results, we can
measure the CL emission of one neutrophilic cell, and this one-cell-emission technique might appear
to be especially applicable for biomonitoring purposes.

76



7. ACKNOWLEDGEMENTS

This work was funded by the Academy of Finland 2008-2012, the Ministry of Health and Welfare
2011-2012 and The Finnish Work Environment Fund 2013-2015.

I wish to express my deepest gratitude to my constant supporters and sponsors, namely my parents
Aino and Martti Atosuo, who never ceased to believe in me, though the prospects were not always so
bright.

Grateful acknowledgement is hereby also made of indebtedness to my instructor Docent Esa-Matti
Lilius who by his, often vocal, suggestions and uncompromised criticism guided me to the right path,
both in science and also in other entanglements of life, and who has been of conscious assistance
towards the preparation of this book. Sincerest appreciations are likewise expressed to the
distinguished scientist Docent Jari Nuutila who kept my feet on the ground with his sharp
observations and advices during the seven years in the same laboratory. Thanks are also due to
Professor Kimmo Peltonen, Doctors Janne Lehtinen, Riikka Ihalin, Thomas Lilley and Marika Jestoi
and to colleagues Maaria Kilpi, Pertti Marnila and Martina Jonsson.

Professor Mirja Salkinoja-Salonen and her associates Doctors Maria Anderson and Raimo Mikkola
are acknowledged as number one toxicologists and microbiologists in Finland and | am indebted to
them for help and collaboration!

I am also greatly indebted to Doctor, MD, Heta Yrjanéinen for the support given at the beginning of
my scientific career and for introducing me to Docent, MD, Jussi Kantele who trusted my
insufficient skills, thaught me a great deal about immunology and made me quit smoking!

In particular, acknowledgement is given of the valuable collaboration, advice, help and beer service
received from doctors Pavel Hyrsl, Libor Vojtek, Milan Zic and Lucas Kubala from the fair city of
Brno, Czech Republic.

Special thanks are also dedicated to Risto Salin and Kari Niittyméki!

My thanks are extended to Professors Jyrki Heino and Reijo Lahti for affording me the exclusive
opportunity to work in the Department of Biochemistry.

I am greatly indebted also to Satu Jasu, Anu Hirvensalo, Teija Luotohaara and Jani Sointusalo for
providing me with the functional working facilities and Tiina Heinonen and Professor Rainer
Huopalahti for help and appropriate background comments!

I would like to thank all the former co-workers and associates at the National Institute of Health and
Welfare, Department of Medical Microbiology and Immunology and present ones at the Department
of Biochemistry.

The author would like to acknowledge and express his gratitude for Professors Antonin Lojek and
Ari Hinkkanen for reviewing this book.

I express my gratitude to all the former and present students who worked in the laboratory of
Immunochemistry and special acknowledgement is given to FM Anu-Teija Kuovi, FM Eetu
Suominen and FM Reijo Niemi, who have indefatigably produced new high quality data and analysis
thus ensuring the continuation of the research.

Since 2006, | have had the honor of participating in the activity of the Association of Microbiology

in Turku, | express my warmest appreciation for all the members for their support and for the travel
grants!

77



I am deeply grateful for the friendship of my fellow students and scientists FM Leenamaija Mékil&
and FM Niko Juusela, we have shared a long journey!

Ofelia, my soul is filled with delight and gratitude when | see you growing to be such a firm
character, and | thank Matias for contributing.

Fiikka, | express my gratitude for your friendship! Thanks are also due to Isolde for the friendship
and for the tidings of the best figure skating in Finland, Maria, Fedja and Teemu (and the little one)
for existing and Alfons and Lasse for the best jokes in the northern hemisphere!

Eeva, Magdaleena, Nathaniel, Wilburg and Carl, I warmly thank you for your friendship.

Larri, Ansku, Tony, Salla, Maiju, Valtteri and Sari, you made my path much easier and more joyful
to travel and | express my deepest gratitude for all of you!

Eeva R. and Tuuli V. I sincerely thank you for trusting me with responsible tasks and also for
kicking my ass when it was indeed required!

Moreover, | would like to embrace the whole ice hockey team of the Sibeliuksenkadun Playboys for
accepting me as a one of them. They have carried me over the troubled waters, over the icy rink!

Same feeling fills me when | think of the distinguished choir of Myndmaen Mieslaulajat and our
charming leader Kristina. They even let me do solo singing!

78



8. REFERENCE

1. Janeway CA Jr, Medzhitov R. 2002. Innate immune recognition. Annu Rev Immunol. 20:197-216.

2. Hedman, K, Heikkinen, T, Huovinen, P, Jarvinen, A, Meri, S, Vaara, M (eds.), 2012. Mikrobiologia, immunologia ja
infektiosairaudet kirjal, 2 ja 3. Duodecim, Porvoo, Finland.

3. Wilson, M, McNab, R, Henderson, B. 2007. Bacterial Disease Mechanisms an Introduction to Cellular Microbiology. Cambridge
University Press, Cambridge, Great Britain.

4. Owen, JA, Punt, J, Strandford, SA, Jones, PP. 2013. Cuby Immunology, 7. edition. Macmillan, Basingstoke, England.

5. Hohenthal, U, Nuutila, J, Lilius, EM, Laitinen, I, Nikoskelainen, J, Kotilainen, P. 2006. Measurement of complement receptor 1 on
neutrophils in bacterial and viral pneumonia. BMC Infect Dis. 6:11.

6. Jalava-Karvinen, P, Hohenthal, U, Laitinen, I, Kotilainen, P, Rajamaki, A, Nikoskelainen, J, Lilius, EM, Nuutila, J. 2009.
Simultaneous quantitative analysis of Fc gamma Rl (CD64) and CR1 (CD35) on neutrophils in distinguishing between bacterial
infections, viral infections, and inflammatory diseases. Clin. Immunol. 133:314-323. doi: 10.1016/j.clim.2009.08.003.

7. Kemp, AS, Turner, MW. 1986. The role of opsonins in vacuolar sealing and the ingestion of zymosan by human neutrophils.
Immunology. 59:69-74.

8. Behrens, EM, Sriram, U, Shivers, DK, Gallucci, M, Ma, Z, Finkel, TH, Gallucci, S. 2007. Complement receptor 3 ligation of
dendritic cells suppresses their stimulatory capacity. J. Immunol. 178:6268-6279. doi: 178/10/6268 [pii].

9. Jabs, WJ, Paulsen, M, Wagner, HJ, Kirchner, H, Kluter, H. 1999. Analysis of Epstein-Barr virus (EBV) receptor CD21 on
peripheral B lymphocytes of long-term EBV- adults. Clin. Exp. Immunol. 116:468-473.

10. Stites, DP, Stobo, JD, Fundenberg, HD, Wells, vJ. 1982. Basic & Clinical Immunology, 4. Edition. LANGE Medical Publication,
Los Altos, California, USA.

11. Gallin, JI, Goldstein, IM, Snyderman, R (eds.), 1992. Inflammation Basic Principles and Clinical Correlates, 2. Edition. Raven
Press, New York, USA.

12. Huovinen, P, Meri, S, Peltola, H, VVaara, M, Vaheri, A, Valtonen, V (eds.), 2005. Mikrobiologia ja Infektiosairaudet Kirja 1 ja 2.
Duodecim, Jyvaskyld, Finland.

13. Minasyan, HA. 2014. Erythrocyte and Leukocyte: Two Partners in Bacteria Killing. Int. Rev. Immunol. . doi:
10.3109/08830185.2014.956359 [doi].

14. Roos, D, Winterbourn, CC. 2002. Immunology. Lethal weapons. Science. 296:669-671. doi: 10.1126/science.1071271 [doi].
15. Thrasher, AJ, Segal, AW. 2011. A phagocyte dilemma.. Nat. Immunol. 12:201-202. doi: 10.1038/ni0311-201 [doi].

16. Hurst, JK. 2012. What really happens in the neutrophil phagosome? Free Radic. Biol. Med. 53:508-520. doi:
10.1016/j.freeradbiomed.2012.05.008 [doi].

17. Klebanoff, SJ, Kettle, AJ, Rosen, H, Winterbourn, CC, Nauseef, WM. 2013. Myeloperoxidase: a front-line defender against
phagocytosed microorganisms. J. Leukoc. Biol. 93:185-198. doi: 10.1189/jIb.0712349 [doi].

18. Anderson, KL, Smith, KA, Pio, F, Torbett, BE, Maki, RA. 1998. Neutrophils deficient in PU.1 do not terminally differentiate or
become functionally competent. Blood. 92:1576-1585.

19. Lieber, JG, Webb, S, Suratt, BT, Young, SK, Johnson, GL, Keller, GM, Worthen, GS. 2004. The in vitro production and
characterization of neutrophils from embryonic stem cells. Blood. 103:852-859. doi: 10.1182/blood-2003-04-1030.

20. Hayashi, F, Means, TK, Luster, AD. 2003. Toll-like reseptors stimulate human neutrophil function. Blood. doi:102:2660.

79



21. Cassatella, MA, Locati, M, Mantovani, A. 2009. Never underestimate the power of a neutrophil. Immunity. 31:698-700. doi:
10.1016/j.immuni.2009.10.003.

22. Dale, DC, Boxer, L, Liles, WC. 2008. The phagocytes: neutrophils and monocytes. Blood. 112:935. doi: 10.1182/blood-2007-12-
077917.

23. Klebanoff, SJ. 2005. Myeloperoxidase: friend and foe. J. Leukoc. Biol. 77:598-625. doi: 10.1189/j1b.1204697.

24. Busetto, S, Trevisan, E, Decleva, E, Dri, P, Menegazzi, R. 2007. Chloride movements in human neutrophils during phagocytosis:
characterization and relationship to granule release. J. Immunol. 179:4110-4124. doi: 179/6/4110 [pii].

25.  Segal, AW. 2005. How neutrophils  kill  microbes. Annu. Rev. Immunol.  23:197-223.  doi:
10.1146/annurev.immunol.23.021704.115653 [doi].

26. Henriquez, KM, Hayney, MS, Xie, Y, Zhang, Z, Barrett, B. 2014. Association of interleukin-8 and neutrophils with nasal symptom
severity during acute respiratory infection. J. Med. Virol. . doi: 10.1002/jmv.24042 [doi].

27. Bosmann, M, Ward, PA. 2012. Role of C3, C5 and anaphylatoxin receptors in acute lung injury and in sepsis. Adv. Exp. Med.
Biol. 946:147-159. doi: 10.1007/978-1-4614-0106-3_9 [doi].

28. Bosmann, M, Haggadone, MD, Hemmila, MR, Zetoune, FS, Sarma, JV, Ward, PA. 2012. Complement activation product C5a is a
selective suppressor of TLR4-induced, but not TLR3-induced, production of 1L-27(p28) from macrophages. J. Immunol. 188:5086-
5093. doi: 10.4049/jimmunol.1102914 [doi].

29. Nishiura, H. 2013. The alternative C5a receptor function. Adv. Exp. Med. Biol. 735:111-121.

30. Nuutila, J, Jalava-Karvinen, P, Hohenthal, U, Kotilainen, P, Pelliniemi, TT, Nikoskelainen, J, Lilius, EM. 2013. Use of
complement regulators, CD35, CD46, CD55, and CD59, on leukocytes as markers for diagnosis of viral and bacterial infections. Hum.
Immunol. 74:522-530. doi: 10.1016/j.humimm.2013.01.011 [doi].

31. Nuutila, J, Jalava-Karvinen, P, Hohenthal, U, Kotilainen, P, Pelliniemi, TT, Nikoskelainen, J, Lilius, EM. 2014. Bacterial infection
(BI)-INDEX: an improved and simplified rapid flow cytometric bacterial infection marker. Diagn. Microbiol. Infect. Dis. 78:116-126.
doi: 10.1016/j.diagmicrobio.2013.10.016 [doi].

32. Lilius, EM, Nuutila, J. 2012. Bacterial infections, DNA virus infections, and RNA virus infections manifest differently in
neutrophil receptor expression. ScientificWorldJournal. 2012:527347. doi: 10.1100/2012/527347 [doi].

33. Lomakina, EB, Marsh, G, Waugh, RE. 2014. Cell Surface Topography Is a Regulator of Molecular Interactions during
Chemokine-Induced Neutrophil Spreading. Biophys. J. 107:1302-1312. doi: 10.1016/j.bpj.2014.07.062 [doi].

34. Eyles, JL, Roberts, AW, Metcalf, D, Wicks, IP. 2006. Granulocyte colony-stimulating factor and neutrophils--forgotten mediators
of inflammatory disease. Nat. Clin. Pract. Rheumatol. 2:500-510. doi: ncprheum0291 [pii].

35. Bosmann, M, Russkamp, NF, Ward, PA. 2012. Fingerprinting of the TLR4-induced acute inflammatory response. Exp. Mol.
Pathol. 93:319-323. doi: 10.1016/j.yexmp.2012.08.006 [doi].

36. Lubos, E, Mahoney, CE, Leopold, JA, Zhang, YY, Loscalzo, J, Handy, DE. 2010. Glutathione peroxidase-1 modulates
lipopolysaccharide-induced adhesion molecule expression in endothelial cells by altering CD14 expression. FASEB J. 24:2525-2532.
doi: 10.1096/fj.09-147421 [doi].

37. Nuutila, J, Hohenthal, U, Laitinen, I, Kotilainen, P, Rajamaki, A, Nikoskelainen, J, Lilius, EM. 2006. Quantitative analysis of
complement receptors, CR1 (CD35) and CR3 (CD11b), on neutrophils improves distinction between bacterial and viral infections in
febrile patients: comparison with standard clinical laboratory data. J. Immunol. Methods. 315:191-201. doi:
10.1016/j.jim.2006.07.021.

38. Klebanoff, SJ. 1968. Myeloperoxidase-Halide-Hydrogen peroxide Antimicrobial System. Journal of Bacteriology. 95:2131.

39. Klebanoff, SJ. 1999. Oxygen Metabolites from Phagocytes, Chapter 4, Inflammation: Basic Prinsiples and Clinical Correlates
(Editted by J.I. Gallin and R. Snyderman). Inflammation: Basic Prinsiples and Clinical Correlates (Editted by J. I. Gallin and R.
Snyderman). 3rd Edition:721-721-768.

80



40. Klebanoff, SJ. 1999. Myeloperoxidase. Proc. Assoc. Am. Physicians. 111:383-389.

41. Kurutas, EB, Arican, O, Sasmaz, S. 2005. Superoxide dismutase and myeloperoxidase activities in polymorphonuclear leukocytes
in acne vulgaris. Acta Dermatovenerol. Alp. Panonica Adriat. 14:39-42.

42. Mullane, KM, Kraemer, R, Smith, B. 1985. Myeloperoxidase activity as a quantitative assessment of neutrophil infiltration into
ischemic myocardium. J. Pharmacol. Methods. 14:157-167.

43. Asselbergs, FW, Tervaert, JW, Tio, RA. 2004. Prognostic value of myeloperoxidase in patients with chest pain. N. Engl. J. Med.
350:516-8; author reply 516-8.

44. Barrette, WC,Jr, Hannum, DM, Wheeler, WD, Hurst, JK. 1989. General mechanism for the bacterial toxicity of hypochlorous acid:
abolition of ATP production. Biochemistry. 28:9172-9178.

45. Kettle, AJ, Winterbourn, CC. 1988. The mechanism of myeloperoxidase-dependent chlorination of monochlorodimedon. Biochim.
Biophys. Acta. 957:185-191. doi: 0167-4838(88)90271-3 [piil.

46. Winterbourn, CC, Hampton, MB, Livesey, JH, Kettle, AJ. 2006. Modeling the reactions of superoxide and myeloperoxidase in the
neutrophil phagosome: implications for microbial killing. J. Biol. Chem. 281:39860-39869. doi: M605898200 [pii].

47. Winterbourn, CC, Garcia, RC, Segal, AW. 1985. Production of the superoxide adduct of myeloperoxidase (compound I11) by
stimulated human neutrophils and its reactivity with hydrogen peroxide and chloride. Biochem. J. 228:583-592.

48. Borregaard, N. 1997. Development of neutrophil granule diversity. Ann. N. Y. Acad. Sci. 832:62-68.
49. Borregaard, N, Cowland, JB. 1997. Granules of the human neutrophilic polymorphonuclear leukocyte. Blood. 89:3503-3521.

50. Faurschou, M, Borregaard, N. 2003. Neutrophil granules and secretory vesicles in inflammation. Microbes Infect. 5:1317-1327.
doi: S1286457903002405 [pii].

51. Borregaard, N. 2014. What doesn't kill you makes you stronger: the anti-inflammatory effect of neutrophil respiratory burst.
Immunity. 40:1-2. doi: 10.1016/j.immuni.2013.12.003 [doi].

52. Borregaard, N. 2010. Neutrophils, from marrow to microbes. Immunity. 33:657-670. doi: 10.1016/j.immuni.2010.11.011 [doi].
53. Nauseef, WM, Borregaard, N. 2014. Neutrophils at work. Nat. Immunol. 15:602-611. doi: 10.1038/ni.2921 [doi].

54. Reeves, EP, Lu, H, Jacobs, HL, Messina, CG, Bolsover, S, Gabella, G, Potma, EO, Warley, A, Roes, J, Segal, AW. 2002. Killing
activity of neutrophils is mediated through activation of proteases by K+ flux. Nature. 416:291-297. doi: 10.1038/416291a [doi].

55. Chapman, AL, Hampton, MB, Senthilmohan, R, Winterbourn, CC, Kettle, AJ. 2002. Chlorination of bacterial and neutrophil
proteins during phagocytosis and killing of Staphylococcus aureus. J. Biol. Chem. 277:9757-9762. doi: 10.1074/jbc.M106134200
[doi].

56. Painter, RG, Wang, G. 2006. Direct measurement of free chloride concentrations in the phagolysosomes of human neutrophils.
Anal. Chem. 78:3133-3137. doi: 10.1021/ac0521706 [doi].

57. Furtmuller, PG, Burner, U, Obinger, C. 1998. Reaction of myeloperoxidase compound | with chloride, bromide, iodide, and
thiocyanate. Biochemistry. 37:17923-17930.

58. Jacobs, AA, Low, IE, Paul, BB, Strauss, RR, Sbarra, AJ. 1972. Mycoplasmacidal activity of peroxidase-H202-halide systems.
Infect. Immun. 5:127-131.

59. Kettle, AJ, Winterbourn, CC. 1989. Influence of superoxide on myeloperoxidase kinetics measured with a hydrogen peroxide
electrode. Biochem. J. 263:823-828.

60. Spalteholz, H, Panasenko, OM, Arnhold, J. 2006. Formation of reactive halide species by myeloperoxidase and eosinophil
peroxidase. Arch. Biochem. Biophys. 445:225-234. doi: S0003-9861(05)00282-1 [pii].

81



61. Geisow, MJ, D'Arcy Hart, P, Young, MR. 1981. Temporal changes of lysosome and phagosome pH during phagolysosome
formation in macrophages: studies by fluorescence spectroscopy. J. Cell Biol. 89:645-652.

62. Segal, AW, Geisow, M, Garcia, R, Harper, A, Miller, R. 1981. The respiratory burst of phagocytic cells is associated with a rise in
vacuolar pH. Nature. 290:406-409.

63. Cech, P, Lehrer, RI. 1984. Phagolysosomal pH of human neutrophils. Blood. 63:88-95.

64. Jiang, Q, Griffin, DA, Barofsky, DF, Hurst, JK. 1997. Intraphagosomal chlorination dynamics and yields determined using unique
fluorescent bacterial mimics. Chem. Res. Toxicol. 10:1080-1089. doi: 10.1021/tx9700984 [doi].

65. Yang, M, Chen, J, Zhao, J, Meng, M. 2014. Etanercept Attenuates Myocardial Ischemia/Reperfusion Injury by Decreasing
Inflammation and Oxidative Stress. PLoS One. 9:e108024. doi: 10.1371/journal.pone.0108024 [doi].

66. Yang, M, Luna, L, Sorbo, JG, Alseth, I, Johansen, RF, Hoff Backe, P, Christian Danbolt, N, Eide, L, Bjoras, M. 2014. Human
OXR1 maintains mitochondrial DNA integrity and counteracts hydrogen peroxide induced oxidative stress by regulating antioxidant
pathways involving p21. Free Radic. Biol. Med. . doi: S0891-5849(14)00420-1 [pii].

67. Dwyer, DJ, Belenky, PA, Yang, JH, MacDonald, IC, Martell, JD, Takahashi, N, Chan, CT, Lobritz, MA, Braff, D, Schwarz, EG,
Ye, JD, Pati, M, Vercruysse, M, Ralifo, PS, Allison, KR, Khalil, AS, Ting, AY, Walker, GC, Collins, JJ. 2014. Antibiotics induce
redox-related physiological alterations as part of their lethality. Proc. Natl. Acad. Sci. U. S. A. 111:E2100-9. doi:
10.1073/pnas.1401876111 [doi].

68. Nicholls, SJ, Hazen, SL. 2005. Myeloperoxidase and cardiovascular disease. Arterioscler. Thromb. Vasc. Biol. 25:1102-1111. doi:
01.ATV.0000163262.83456.6d [pii].

69. Nicholls, SJ, Zheng, L, Hazen, SL. 2005. Formation of dysfunctional high-density lipoprotein by myeloperoxidase. Trends
Cardiovasc. Med. 15:212-219. doi: S1050-1738(05)00085-X [pii].

70. Yamada, T, Grisham, MB. 1991. Role of neutrophil-derived oxidants in the pathogenesis of intestinal inflammation. Klin.
Wochenschr. 69:988-994.

71. Lincoln, JA, Lefkowitz, DL, Cain, T, Castro, A, Mills, KC, Lefkowitz, SS, Moguilevsky, N, Bollen, A. 1995. Exogenous
myeloperoxidase enhances bacterial phagocytosis and intracellular killing by macrophages. Infect. Immun. 63:3042-3047.

72. Prescott, LM, Harley, JP, Klein, DA. 2006. Microbiology 6. Edition. McGraw Hill, New York, USA.

73. Madigan, MT, Martinko, JM, Parker, J. 1997. Brock Biology of Microorganisms 8. Edition. Prentice Hall International INC., New
York, USA.

74. Carballido-Lopez, R. 2006. Orchestrating bacterial cell morphogenesis. Mol. Microbiol. 60:815-819. doi: MMI15161 [pii].

75. Mandelstam, J, McQuillen, K (eds.), 1968. Biochemistry of Bacterial Growth. Blackwell Scientific Publication, Oxford, Great
Britain.

76. Koch, AL, Crandall, M. 1968. Photometric Measurement of Bacterial growth. The Amerivcan Biology Teachers. 30:481.

77. Carballido-Lopez, R, Errington, J. 2003. A dynamic bacterial cytoskeleton. Trends Cell Biol. 13:577-583. doi:
$0962892403002186 [pii].

78. Lehtinen, J, Nuutila, J, Lilius, EM. 2004. Green fluorescent protein-propidium iodide (GFP-PI) based assay for flow cytometric
measurement of bacterial viability. Cytometry A. 60:165-72.

79. Porter, JR. 1947. Bacterial Chemistry and Physiology. Chapman & Hall, Limited, London, Great Britain.
80. Salkinoja-Salonen, M (ed.), 2002. Mikrobiologian Perusteita. Gummerus Kirjapaino Oy, Jyvaskyla, Finland.
81. Adams, MR, Moss, MO. 1995. Food Microbiology. The Royal Society of Chemistry, Cambridge, Great Britain.

82. Clifton, CE. 1957. Introduction to Bcaterial Physiology. McGraw-Hill Book Company, INC., New York, USA.

82



83. Kolter, R, Siegele, DA, Tormo, A. 1993. The stationary phase of the bacterial life cycle. Annu. Rev. Microbiol. 47:855-874. doi:
10.1146/annurev.mi.47.100193.004231 [doi].

84. Zambrano, MM, Siegele, DA, Almiron, M, Tormo, A, Kolter, R. 1993. Microbial competition: Escherichia coli mutants that take
over stationary phase cultures. Science. 259:1757-1760.

85. Fairbrother, RW. 1955. A Textbook of Bacteriology 7. Edition. William Heinemann Medical Books LTD, London, Great Britain.
86. Neidhardt, FC. 1999. Bacterial growth: constant obsession with dN/dt. J. Bacteriol. 181:7405-7408.

87. Abshire, KZ, Neidhardt, FC. 1993. Growth rate paradox of Salmonella typhimurium within host macrophages. J. Bacteriol.
175:3744-3748.

88. Siegele, DA, Kolter, R. 1993. Isolation and characterization of an Escherichia coli mutant defective in resuming growth after
starvation. Genes Dev. 7:2629-2640.

89. Salle, AJ. 1948. Fundamental Principle of Bacteriology 3. Edition. McGraw-Hill Book Company Inc., USA.

90. Roszak, DB, Colwell, RR. 1987. Metabolic activity of bacterial cells enumerated by direct viable count. Appl. Environ. Microbiol.
53:2889-2893.

91. Roszak, DB, Colwell, RR. 1987. Survival strategies of bacteria in the natural environment. Microbiol. Rev. 51:365-379.

92. VanBogelen, RA, Schiller, EE, Thomas, JD, Neidhardt, FC. 1999. Diagnosis of cellular states of microbial organisms using
proteomics. Electrophoresis. 20:2149-2159. doi: 10.1002/(SIC1)1522-2683(19990801)20:11<2149::AID-ELPS2149>3.0.CO;2-N [pii].

93. Peruski, LF,Jr, Neidhardt, FC. 1994. Identification of a conditionally essential heat shock protein in Escherichia coli. Biochim.
Biophys. Acta. 1207:165-172.

94. VanBogelen, RA, Neidhardt, FC. 1990. Ribosomes as sensors of heat and cold shock in Escherichia coli. Proc. Natl. Acad. Sci. U.
S. A. 87:5589-5593.

95. Neidhardt, FC, Vaughn, V, Phillips, TA, Bloch, PL. 1983. Gene-protein index of Escherichia coli K-12. Microbiol. Rev. 47:231-
284.

96. Smith, MW, Neidhardt, FC. 1983. Proteins induced by aerobiosis in Escherichia coli. J. Bacteriol. 154:344-350.

97. Sankar, P, Hutton, ME, VanBogelen, RA, Clark, RL, Neidhardt, FC. 1993. Expression analysis of cloned chromosomal segments
of Escherichia coli. J. Bacteriol. 175:5145-5152.

98. Jones, PG, Cashel, M, Glaser, G, Neidhardt, FC. 1992. Function of a relaxed-like state following temperature downshifts in
Escherichia coli. J. Bacteriol. 174:3903-3914.

99. Lehtinen, J, Lilius, EM. 2007. Promethazine renders Escherichia coli susceptible to penicillin G: real-time measurement of
bacterial susceptibility by fluoro-luminometry. Int. J. Antimicrob. Agents. 30:44-51. doi: 10.1016/j.ijantimicag.2007.02.019.

100. Lehtinen, J, Virta, M, Lilius, EM. 2003. Fluoro-luminometric real-time measurement of bacterial viability and killing. J Microbiol
Methods. 55:173-86.

101. Gage, DJ, Neidhardt, FC. 1993. Modulation of the heat shock response by one-carbon metabolism in Escherichia coli. J.
Bacteriol. 175:1961-1970.

102. Welch, TJ, Farewell, A, Neidhardt, FC, Bartlett, DH. 1993. Stress response of Escherichia coli to elevated hydrostatic pressure. J.
Bacteriol. 175:7170-7177.

103. Bogosian, G, Bourneuf, EV. 2001. A matter of bacterial life and death. EMBO Rep. 2:770-774. doi: 10.1093/embo-
reports/kvel82 [doi].

104. Mannion, BA, Weiss, J, Elsbach, P. 1990. Separation of sublethal and lethal effects of polymorphonuclear leukocytes on
Escherichia coli. J. Clin. Invest. 86:631-641. doi: 10.1172/JC1114755 [doi].

83



105. Barer, MR, Bogosian, G. 2004. The viable but nonculturable concept, bacteria in urine samples, and Occam's razor. J. Clin.
Microbiol. 42:5434; author reply 5434-5. doi: 10.1128/JCM.42.11.5434-5435.2004.

106. Nystrom, T. 2004. Stationary-phase physiology. Annu. Rev. Microbiol. 58:161-181. doi:
10.1146/annurev.micro.58.030603.123818 [doi].

107. Nystrom, T. 2004. Growth versus maintenance: a trade-off dictated by RNA polymerase availability and sigma factor
competition? Mol. Microbiol. 54:855-862. doi: MMI4342 [pii].

108. Barer, MR, Harwood, CR. 1999. Bacterial viability and culturability. Adv. Microb. Physiol. 41:93-137.

109. Barer, MR, Smith, RJ, Cooney, RP, Kimmitt, PT. 2000. Relationships between culturability, activity and virulence in pathogenic
bacteria. J. Infect. Chemother. 6:108-111. doi: 10.1007/s101560000023.

110. Carballido-Lopez, R, Formstone, A. 2007. Shape determination in Bacillus subtilis. Curr. Opin. Microbiol. 10:611-616. doi:
$1369-5274(07)00133-6 [pii].

111. Kell, DB, Kaprelyants, AS, Weichart, DH, Harwood, CR, Barer, MR. 1998. Viability and activity in readily culturable bacteria: a
review and discussion of the practical issues. Antonie VVan Leeuwenhoek. 73:169-187.

112. Bar, M, von Hardenberg, J, Meron, E, Provenzale, A. 2002. Modelling the survival of bacteria in drylands: the advantage of being
dormant. Proc. Biol. Sci. 269:937-942. doi: 10.1098/rspb.2002.1958 [doi].

113. Shleeva, MO, Bagramyan, K, Telkov, MV, Mukamolova, GV, Young, M, Kell, DB, Kaprelyants, AS. 2002. Formation and
resuscitation of "non-culturable” cells of Rhodococcus rhodochrous and Mycobacterium tuberculosis in prolonged stationary phase.
Microbiology. 148:1581-1591.

114. Sigler, K, Chaloupka, J, Brozmanova, J, Stadler, N, Hofer, M. 1999. Oxidative stress in microorganisms--1. Microbial vs. higher
cells--damage and defenses in relation to cell aging and death. Folia Microbiol. (Praha). 44:587-624.

115. Fredriksson, A, Nystrom, T. 2006. Conditional and replicative senescence in Escherichia coli. Curr. Opin. Microbiol. 9:612-618.
doi: S1369-5274(06)00161-5 [pii].

116. Matin, A. 1991. The molecular basis of carbon-starvation-induced general resistance in Escherichia coli. Mol. Microbiol. 5:3-10.

117. Hengge-Aronis, R. 2002. Stationary phase gene regulation: what makes an Escherichia coli promoter sigmaS-selective? Curr.
Opin. Microbiol. 5:591-595. doi: S1369527402003727 [pii].

118. Hengge-Aronis, R. 2002. Recent insights into the general stress response regulatory network in Escherichia coli. J. Mol.
Microbiol. Biotechnol. 4:341-346.

119. Gilbert, JM, Fuller, AL, Scott, TC, McDougald, LR. 1998. Biological effects of gamma-irradiation on laboratory and field
isolates of Eimeria tenella (Protozoa; Coccidia). Parasitol. Res. 84:437-441.

120. Nystrom, T. 2001. Not quite dead enough: on bacterial life, culturability, senescence, and death. Arch. Microbiol. 176:159-164.

121. Shleeva, MO, Mukamolova, GV, Telkov, MV, Berezinskaia, TL, Syroeshkin, AV, Biketov, SF, Kaprel'iants, AS. 2003.
Formation of nonculturable Mycobacterium tuberculosis and their regeneration. Mikrobiologiia. 72:76-83.

122. Mukamolova, GV, Kaprelyants, AS, Kell, DB, Young, M. 2003. Adoption of the transiently non-culturable state--a bacterial
survival strategy? Adv. Microb. Physiol. 47:65-129.

123. McDonnell, G, Russell, AD. 1999. Antiseptics and Disinfectants: Activity, Action, and Resistance. Clinical Microbiology
Reviews. 12:147.

124. Alfa, MJ, Sitter, DL. 1994. In-hospital evaluation of orthophthalaldehyde as a high level disinfectant for flexible endoscopes. J.
Hosp. Infect. 26:15-26. doi: 0195-6701(94)90075-2 [pii].

125. Anderson, RL. 1989. High dose sodium toxicity. Cancer Lett. 48:1-11. doi: 0304-3835(89)90196-1 [pii].

84



126. Robison, RA, Osguthorpe, RJ, Carroll, SJ, Leavitt, RW, Schaalje, GB, Ascenzi, JM. 1996. Culture variability associated with the
U.S. Environmental Protection Agency Tuberculocidal Activity Test Method. Appl. Environ. Microbiol. 62:2681-2686.

127. Singleton, R,Jr, Amelunxen, RE. 1973. Proteins from thermophilic microorganisms. Bacteriol. Rev. 37:320-342.

128. Pfanzelt, R, Schassan, HH. 1978. Investigation of the hygienic standard in two hospitals including the control of disinfection
(author's transl). Zentralbl. Bakteriol. B. 167:22-28.

129. Smith, G, Smith, A. 2014. Microbial contamination of used dental handpieces. Am. J. Infect. Control. 42:1019-1021. doi:
10.1016/j.ajic.2014.06.008 [doi].

130. Sesal, NC, Kekec, O. 2014. Inactivation of Escherichia coli and Staphylococcus aureus by Ultrasound. J. Ultrasound Med.
33:1663-1668. doi: 10.7863/ultra.33.9.1663 [doi].

131. Sesal, NC, Kekec, O. 2014. Effects of pulsed ultrasound on Escherichia coli and Staphylococcus aureus. Trans. R. Soc. Trop.
Med. Hyg. 108:348-353. doi: 10.1093/trstmh/tru052 [doi].

132. Tatarelli, P, Parisini, A, Del Bono, V, Mikulska, M, Viscoli, C. 2014. Efficacy of daptomycin lock therapy in the treatment of
bloodstream infections related to long-term catheter. Infection. . doi: 10.1007/s15010-014-0675-4 [doi].

133. Jayabalan, M. 1995. Sterilization and reprocessing of materials and medical devices--reusability. J. Biomater. Appl. 10:97-112.

134. Rozenberg-Arska, M, Porsius, JC, Jaarsma, EY, Verhoef, J. 1986. Bactericidal, bacteriolytic and opsonic activity of human serum
against Escherichia coli. J Med Microbiol. 22:143-9.

135. Zheng, W, Rasmussen, U, Zheng, S, Bao, X, Chen, B, Gao, Y, Guan, X, Larsson, J, Bergman, B. 2013. Multiple Modes of Cell
Death Discovered in a Prokaryotic (Cyanobacterial) Endosymbiont. PLoS One. 8:e66147. doi: 10.1371/journal.pone.0066147 [doi].

136. Dwyer, DJ, Winkler, JA. 2013. Identification and characterization of programmed cell death markers in bacterial models.
Methods Mol. Biol. 1004:145-159. doi: 10.1007/978-1-62703-383-1_11 [doi].

137. Dwyer, DJ, Camacho, DM, Kohanski, MA, Callura, JM, Collins, JJ. 2012. Antibiotic-induced bacterial cell death exhibits
physiological and biochemical hallmarks of apoptosis. Mol. Cell. 46:561-572. doi: 10.1016/j.molcel.2012.04.027 [doi].

138. Baig, Ul, Bhadbhade, BJ, Watve, MG. 2014. Evolution of aging and death: what insights bacteria can provide. Q. Rev. Biol.
89:209-223.

139. Engelberg-Kulka, H, Amitai, S, Kolodkin-Gal, I, Hazan, R. 2006. Bacterial programmed cell death and multicellular behavior in
bacteria. PLoS Genet. 2:135. doi: 06-PLGE-RV-0068R3 [pii].

140. Kolodkin-Gal, I, Engelberg-Kulka, H. 2006. Induction of Escherichia coli chromosomal mazEF by stressful conditions causes an
irreversible loss of viability. J. Bacteriol. 188:3420-3423. doi: 188/9/3420 [pii].

141. Sat, B, Hazan, R, Fisher, T, Khaner, H, Glaser, G, Engelberg-Kulka, H. 2001. Programmed cell death in Escherichia coli: some
antibiotics can trigger mazEF lethality. J. Bacteriol. 183:2041-2045. doi: 10.1128/JB.183.6.2041-2045.2001.

142. Nikoskelainen, S, Lehtinen, J, Lilius, EM. 2002. Bacteriolytic activity of rainbow trout (Oncorhynchus mykiss) complement. Dev
Comp Immunol. 26:797-804.

143. Taylor, PW. 1983. Bactericidal and Bacteriolytic Activity of Serum Against Gram-Negative Bacteria. Microbiological Reviews.
47:46.

144. Vaara, M. 1992. Agents that increase the permeability of the outer membrane. Microbiol. Rev. 56:395-411.

145. Bandin, I, Santos, Y, Toranzo, AE, Barja, JL. 1991. MICs and MBCs of chemotherapeutic agents against Renibacterium
salmoninarum. Antimicrob. Agents Chemother. 35:1011-1013.

146. Chopra, I, Roberts, M. 2001. Tetracycline antibiotics: mode of action, applications, molecular biology, and epidemiology of
bacterial resistance. Microbiol. Mol. Biol. Rev. 65:232-60 ; second page, table of contents. doi: 10.1128/MMBR.65.2.232-260.2001
[doi].

85



147. Rosen, BP. 2002. Transport and detoxification systems for transition metals, heavy metals and metalloids in eukaryotic and
prokaryotic microbes. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 133:689-693. doi: S1095643302002015 [pii].

148. Bettini, S, Houdeau, E. 2014. Oral exposure to titanium dioxide (TiO2) nanoparticles: from translocation through oral and
intestinal epithelia to fate and effects in the organism. Biol. Aujourdhui. 208:167-175. doi: 10.1051/jbio/20140022 [doi].

149. Li, S, Pan, X, Wallis, LK, Fan, Z, Chen, Z, Diamond, SA. 2014. Comparison of TiO2 nanoparticle and graphene-TiO2
nanoparticle  composite phototoxicity to Daphnia magna and Oryzias latipes. Chemosphere. 112:62-69. doi:
10.1016/j.chemosphere.2014.03.058 [doi].

150. Shen, N, Zhang, F, Zhang, F, Zeng, RJ. 2014. Evaluation of the after-effects of cyanobacterial cell removal and lysis by
photocatalysis using Ag/AgBr/TiO2. Water Sci. Technol. 70:828-834. doi: 10.2166/wst.2014.287 [doi].

151. Sheng, L, Wang, L, Sang, X, Zhao, X, Hong, J, Cheng, S, Yu, X, Liu, D, Xu, B, Hu, R, Sun, Q, Cheng, J, Cheng, Z, Gui, S,
Hong, F. 2014. Nano-sized titanium dioxide-induced splenic toxicity: a biological pathway explored using microarray technology. J.
Hazard. Mater. 278:180-188. doi: 10.1016/j.jhazmat.2014.06.005 [doi].

152. Wallis, LK, Diamond, SA, Ma, H, Hoff, DJ, Al-Abed, SR, Li, S. 2014. Chronic TiO nanoparticle exposure to a benthic organism,
Hyalella azteca: impact of solar UV radiation and material surface coatings on toxicity. Sci. Total Environ. 499C:356-362. doi: S0048-
9697(14)01247-9 [pii].

153. Yu, X, Zhao, X, Ze, Y, Wang, L, Liu, D, Hong, J, Xu, B, Lin, A, Zhang, C, Zhao, Y, Li, B, Hong, F. 2014. Changes of serum
parameters of TiO nanoparticle-induced atherosclerosis in mice. J. Hazard. Mater. 280C:364-371. doi: S0304-3894(14)00671-2 [pii].

154. Thomas, WC,Jr, Black, AP, Freund, G, Kinman, RN. 1969. lodine disinfection of water. Arch. Environ. Health. 19:124-128.

155. Marchin, GL, Silverstein, J, Brion, GM. 1997. Effect of microgravity on Escherichia coli and MS-2 bacteriophage disinfection by
iodinated resins. Acta Astronaut. 40:65-68. doi: S009457659700026X [pii].

156. Fleischer, W, Reimer, K. 1997. Povidone-iodine in antisepsis--state of the art. Dermatology. 195 Suppl 2:3-9.

157. Dettenkofer, M, Hauer, T, Daschner, FD. 2004. Detergent versus hypochlorite cleaning and Clostridium difficile infection. J.
Hosp. Infect. 56:78-79. doi: S0195670103004146 [pii].

158. LeChevallier, MW, Cawthon, CD, Lee, RG. 1988. Factors promoting survival of bacteria in chlorinated water supplies. Appl.
Environ. Microbiol. 54:649-654.

159. Kaatz, GW, Gitlin, SD, Schaberg, DR, Wilson, KH, Kauffman, CA, Seo, SM, Fekety, R. 1988. Acquisition of Clostridium
difficile from the hospital environment. Am. J. Epidemiol. 127:1289-1294.

160. Whitaker, J, Brown, BS, Vidal, S, Calcaterra, M. 2007. Designing a protocol that eliminates Clostridium difficile: a collaborative
venture. Am. J. Infect. Control. 35:310-314. doi: S0196-6553(06)01190-4 [pii].

161. Holtschlag, J. 2008. Efficacy of sodium hypochlorite-based disinfectants against Clostridium difficile spores. Infect. Control
Hosp. Epidemiol. 29:190-1; author reply 191-2. doi: 10.1086/524336 [doi].

162. Perumal, PK, Wand, ME, Sutton, JM, Bock, LJ. 2014. Evaluation of the effectiveness of hydrogen-peroxide-based disinfectants
on biofilms formed by Gram-negative pathogens. J. Hosp. Infect. 87:227-233. doi: 10.1016/j.jhin.2014.05.004 [doi].

163. Jung, IS, Kim, HJ, Jung, WY, Kim, CW. 2014. Hydrogen peroxide as an effective disinfectant for Pasteurella multocida. Yonsei
Med. J. 55:1152-1156. doi: 10.3349/ym;j.2014.55.4.1152 [doi].

164. MULLER, F. 1953. Potassium permanganate, a disinfectant against Salmonella infection. Dtsch. Med. Wochenschr. 78:1639-
1640.

165. Kampf, G, Fliss, PM, Martiny, H. 2014. Is peracetic acid suitable for the cleaning step of reprocessing flexible endoscopes?
World J. Gastrointest. Endosc. 6:390-406. doi: 10.4253/wjge.v6.i9.390 [doi].

86



166. Pradhan, SK, Kauppinen, A, Martikainen, K, Pitkanen, T, Kusnetsov, J, Miettinen, IT, Pessi, M, Poutiainen, H, Heinonen-Tanski,
H. 2013. Microbial reduction in wastewater treatment using Fe(3+) and Al(3+) coagulants and PAA disinfectant. J. Water. Health.
11:581-589. doi: 10.2166/wh.2013.241 [doi].

167. Nelson, DL, Cox, MM. 2004. Lehninger Principles of Biochemistry, 4. edition. W.H. Freeman, New York, USA.

168. Broxton, P, Woodcock, PM, Heatley, F, Gilbert, P. 1984. Interaction of some polyhexamethylene biguanides and membrane
phospholipids in Escherichia coli. J. Appl. Bacteriol. 57:115-124.

169. Broxton, P, Woodcock, PM, Gilbert, P. 1984. Binding of some polyhexamethylene biguanides to the cell envelope of Escherichia
coli ATCC 8739. Microbios. 41:15-22.

170. Walls, G, Noonan, L, Wilson, E, Holland, D, Briggs, S. 2013. Successful use of locally applied polyhexamethylene biguanide as
an adjunct to the treatment of fungal osteomyelitis. Can. J. Infect. Dis. Med. Microbiol. 24:109-112.

171. Zaugg, LK, Zitzmann, NU, Hauser-Gerspach, I, Waltimo, T, Weiger, R, Krastl, G. 2014. Antimicrobial activity of short- and
medium-term applications of polyhexamethylene biguanide, chlorhexidine digluconate and calcium hydroxide in infected immature
bovine teeth in vitro. Dent. Traumatol. 30:326-331. doi: 10.1111/edt.12077 [doi].

172. Fraise, AP, Wilkinson, MA, Bradley, CR, Oppenheim, B, Moiemen, N. 2013. The antibacterial activity and stability of acetic
acid. J. Hosp. Infect. 84:329-331. doi: 10.1016/j.jhin.2013.05.001 [doi].

173. Buckingham, J, (ed.), 1996. Dictionary of Organic Compounds 1, 6. Edition. Chapman & Hall, London, Great Britain.
174. Boyd, RF, Hoerl, BG. 1977. Basic Medical Microbiology, 1. Edition. Little, Brown and Company, Boston, USA.

175. Chang, SK, Lo, DY, Wei, HW, Kuo, HC. 2014. Antimicrobial resistance of Escherichia coli isolates from canine urinary tract
infections. J. Vet. Med. Sci. . doi: DN/JST.JSTAGE/jvms/13-0281 [pii].

176. Lehtinen, J, Jarvinen, S, Virta, M, Lilius, EM. 2006. Real-time monitoring of antimicrobial activity with the multiparameter
microplate assay. J Microbiol Methods. 66:381-9.

177. Katz, M, Tsubery, H, Kolusheva, S, Shames, A, Fridkin, M, Jelinek, R. 2003. Lipid binding and membrane penetration of
polymyxin B derivatives studied in a biomimetic vesicle system. Biochem. J. 375:405-413. doi: 10.1042/BJ20030784.

178. Kvitko, CH, Rigatto, MH, Moro, AL, Zavascki, AP. 2010. Polymyxin B versus other antimicrobials for the treatment of
Pseudomonas aeruginosa bacteraemia. J. Antimicrob. Chemother. . doi: 10.1093/jac/dkg390.

179. Ginsburg, 1. 2002. The role of bacteriolysis in the pathophysiology of inflammation, infection and post-infectious sequelae.
APMIS. 110:753-770.

180. Hartzen, SH, Andersen, LP, Bremmelgaard, A, Colding, H, Arpi, M, Kristiansen, J, Justesen, T, Espersen, F, Frimodt-Moller, N,
Bonnevie, O. 1997. Antimicrobial susceptibility testing of 230 Helicobacter pylori strains: importance of medium, inoculum, and
incubation time. Antimicrob. Agents Chemother. 41:2634-2639.

181. Sanger, JW, Holtzer, S, Holtzer, H. 1971. Effects of cytochalasin B on muscle cells in tissue culture. Nat. New Biol. 229:121-
123.

182. Kim, MY, Kim, JH, Cho, JY. 2014. Cytochalasin B modulates macrophage-mediated inflammatory responses. Biomol. Ther.
(Seoul). 22:295-300. doi: 10.4062/biomolther.2014.055 [doi].

183. Chen, ZM, Chen, HP, Li, Y, Feng, T, Liu, JK. 2014. Cytochalasins from cultures of endophytic fungus Phoma multirostrata EA-
12. J. Antibiot. (Tokyo). . doi: 10.1038/ja.2014.87 [doi].

184. Andersson, MA, Mikkola, R, Raulio, M, Kredics, L, Maijala, P, Salkinoja-Salonen, MS. 2009. Acrebol, a novel toxic peptaibol
produced by an Acremonium exuviarum indoor isolate. J. Appl. Microbiol. 106:909-923. doi: 10.1111/j.1365-2672.2008.04062.x
[doi].

185. Huybrechts, B, Martins, JC, Debongnie, P, Uhlig, S, Callebaut, A. 2014. Fast and sensitive LC-MS/MS method measuring human
mycotoxin exposure using biomarkers in urine. Arch. Toxicol. . doi: 10.1007/s00204-014-1358-8 [doi].

87



186. Kruglov, AG, Andersson, MA, Mikkola, R, Roivainen, M, Kredics, L, Saris, NE, Salkinoja-Salonen, MS. 2009. Novel mycotoxin
from Acremonium exuviarum is a powerful inhibitor of the mitochondrial respiratory chain complex I1l. Chem. Res. Toxicol. 22:565-
573. doi: 10.1021/tx800317z [doi].

187. Gemeda, N, Woldeamanuel, Y, Asrat, D, Debella, A. 2014. Effect of essential oils on Aspergillus spore germination, growth and
mycotoxin production: a potential source of botanical food preservative. Asian Pac. J. Trop. Biomed. 4:S373-81. doi:
10.12980/APJTB.4.2014C857 [doi].

188. Jonsson, M, Jestoi, M, Nathanail, AV, Kokkonen, UM, Anttila, M, Koivisto, P, Karhunen, P, Peltonen, K. 2013. Application of
OECD Guideline 423 in assessing the acute oral toxicity of moniliformin. Food Chem. Toxicol. 53:27-32. doi:
10.1016/j.fct.2012.11.023 [doi].

189. Qiu, J, Shi, J. 2014. Genetic relationships, carbendazim sensitivity and mycotoxin production of the Fusarium graminearum
populations from maize, wheat and rice in eastern China. Toxins (Basel). 6:2291-2309. doi: 10.3390/toxins6082291 [doi].

190. Blumke, A, Sode, B, Ellinger, D, Voigt, CA. 2014. Reduced susceptibility to Fusarium head blight in Brachypodium distachyon
through priming with the Fusarium mycotoxin deoxynivalenol. Mol. Plant. Pathol. . doi: 10.1111/mpp.12203 [doi].

191. de Souza, M, Matsuzawa, T, Lyra, L, Busso-Lopes, AF, Gonoi, T, Schreiber, AZ, Kamei, K, Moretti, ML, Trabasso, P. 2014.
Fusarium napiforme systemic infection: case report with molecular characterization and antifungal susceptibility tests. Springerplus.
3:492-1801-3-492. eCollection 2014. doi: 10.1186/2193-1801-3-492 [doi].

192. Allen, NK, Burmeister, HR, Weaver, GA, Mirocha, CJ. 1981. Toxicity of dietary and intravenously administered moniliformin to
broiler chickens. Poult. Sci. 60:1415-1417.

193. Jestoi, M, Ritieni, A, Rizzo, A. 2004. Analysis of the Fusarium mycotoxins fusaproliferin and trichothecenes in grains using gas
chromatography-mass spectrometry. J. Agric. Food Chem. 52:1464-1469. doi: 10.1021/jf035130g [doi].

194. Peltonen, K, Jestoi, M, Eriksen, G. 2010. Health effects of moniliformin a poorly understood Fusarium mycotoxin. WORLD
MYCOTOXIN JOURNAL. 3 (2):403-414.

195. Watjen, W, Debbab, A, Hohlfeld, A, Chovolou, Y, Proksch, P. 2014. The mycotoxin beauvericin induces apoptotic cell death in
H41IE hepatoma cells accompanied by an inhibition of NF-kappaB-activity and modulation of MAP-kinases. Toxicol. Lett. . doi:
S0378-4274(14)01311-3 [pii].

196. Ortega-Beltran, A, Guerrero-Herrera, MD, Ortega-Corona, A, Vidal-Martinez, VA, Cotty, PJ. 2014. Susceptibility to Aflatoxin
Contamination among Maize Landraces from Mexico. J. Food Prot. 77:1554-1562. doi: 10.4315/0362-028X.JFP-13-474 [doi].

197. Perrone, G, Gallo, A, Logrieco, AF. 2014. Biodiversity of Aspergillus section Flavi in Europe in relation to the management of
aflatoxin risk. Front. Microbiol. 5:377. doi: 10.3389/fmicb.2014.00377 [doi].

198. Shan, X, Williams, WP. 2014. Toward elucidation of genetic and functional genetic mechanisms in corn host resistance to
Aspergillus flavus infection and aflatoxin contamination. Front. Microbiol. 5:364. doi: 10.3389/fmicb.2014.00364 [doi].

199. Townsend, CA. 2014. Aflatoxin and deconstruction of type |, iterative polyketide synthase function. Nat. Prod. Rep. 31:1260-
1265. doi: 10.1039/c4np00092g [doi].

200. Xu, Y, He, Z, He, Q, Qiu, Y, Chen, B, Chen, J, Liu, X. 2014. Use of Cloneable Peptide-MBP Fusion Protein as a Mimetic
Coating Antigen in the Standardized Immunoassay for Mycotoxin Ochratoxin A. J. Agric. Food Chem. 62:8830-8836. doi:
10.1021/jf5028922 [doi].

201. Kokkonen, M, Jestoi, M, Rizzo, A. 2005. The effect of substrate on mycotoxin production of selected Penicillium strains. Int. J.
Food Microbiol. 99:207-214. doi: S0168-1605(04)00433-7 [pii].

202. Katsuyama, A, Konno, T, Shimoyama, S, Kikuchi, H. 2014. The mycotoxin patulin decreases expression of density-enhanced
phosphatase-1 by down-regulating PPARgamma in human colon cancer cells. Tohoku J. Exp. Med. 233:265-274. doi:
DN/JST.JSTAGE/tjem/233.265 [pii].

203. Brown, SE, Howard, A, Kasprzak, AB, Gordon, KH, East, PD. 2009. A peptidomics study reveals the impressive antimicrobial
peptide arsenal of the wax moth Galleria mellonella. Insect Biochem. Mol. Biol. 39:792-800. doi: 10.1016/j.ibmb.2009.09.004 [doi].

88



204. Lavine, MD, Strand, MR. 2002. Insect hemocytes and their role in immunity. Insect Biochem. Mol. Biol. 32:1295-1309. doi:
S0965174802000929 [pii].

205. Buchtikova, S, Vetesnikova Simkova, A, Rohlenova, K, Flajshans, M, Lojek, A, Lilius, E, Hyrsl, P. 2011. The Seasonal Changes
In Innate Immunity of the Common Carp (Cyprinus carpio). Aquaculture. 318:169-175.

206. Sunyer, JO. 2012. Evolutionary and functional relationships of B cells from fish and mammals: insights into their novel roles in
phagocytosis and presentation of particulate antigen. Infect. Disord. Drug Targets. 12:200-212. doi: IDDT-EPUP-20120306-004 [pii].

207. Turner, RJ (ed.), 1994. Immunology a Comparative Approach. John Wiley & Sons Ltd., Chichester, Great Britain.

208. Holowachuk, SA, Bal'a, MF, Buddington, RK. 2003. A kinetic microplate method for quantifying the antibacterial properties of
biological fluids. J. Microbiol. Methods. 55:441-446. doi: S0167701203001908 [pii].

209. Koutny, M, Zaoralkova, L. 2005. Miniaturized kinetic growth inhibition assay with denitrifying bacteria Paracoccus denitrificans.
Chemosphere. 60:49-54. doi: S0045-6535(05)00104-9 [pii].

210. Breeuwer, P, Abee, T. 2000. Assessment of viability of microorganisms employing fluorescence techniques. Int. J. Food
Microbiol. 55:193-200.

211. Coban, AY, Cekic Cihan, C, Bilgin, K, Uzun, M, Akgunes, A, Cetinkaya, E, Durupinar, B. 2006. Rapid susceptibility test for
Mycobacterium tuberculosis to isoniazid and rifampin with resazurin method in screw-cap tubes. J. Chemother. 18:140-143. doi:
10.1179/joc.2006.18.2.140 [doi].

212. Nateche, F, Martin, A, Baraka, S, Palomino, JC, Khaled, S, Portaels, F. 2006. Application of the resazurin microtitre assay for
detection of multidrug resistance in Mycobacterium tuberculosis in Algiers. J. Med. Microbiol. 55:857-860. doi: 55/7/857 [pii].

213. Kenny, GE, Cartwright, FD. 1993. Effect of pH, inoculum size, and incubation time on the susceptibility of Ureaplasma
urealyticum to erythromycin in vitro. Clin. Infect. Dis. 17 Suppl 1:5215-8.

214. Tornatore, MA, Noskin, GA, Hacek, DM, Obias, AA, Peterson, LR. 1997. Effects of incubation time and buffer concentration on
in vitro activities of antifungal agents against Candida albicans. J. Clin. Microbiol. 35:1473-1476.

215. Salisbury, V, Pfoestl, A, Wiesinger-Mayr, H, Lewis, R, Bowker, KE, MacGowan, AP. 1999. Use of a clinical Escherichia coli
isolate expressing lux genes to study the antimicrobial pharmacodynamics of moxifloxacin. J. Antimicrob. Chemother. 43:829-832.

216. Virta, M, Karp, M, Vuorinen, P. 1994. Nitric oxide donor-mediated killing of bioluminescent Escherichia coli. Antimicrob
Agents Chemother. 38:2775-9.

217. Virta, M, Karp, M, Ronnemaa, S, Lilius, EM. 1997. Kinetic measurement of the membranolytic activity of serum complement
using bioluminescent bacteria. J Immunol Methods. 201:215-21.

218. Greer, LF,3rd, Szalay, AA. 2002. Imaging of light emission from the expression of luciferases in living cells and organisms: a
review. Luminescence. 17:43-74. doi: 10.1002/bio.676 [pii].

219. Hastings, JW, Johnson, CH. 2003. Bioluminescence and chemiluminescence. Methods Enzymol. 360:75-104.

220. Wilson, T, Hastings, JW. 1998. Bioluminescence. Annu. Rev. Cell Dev. Biol. 14:197-230. doi: 10.1146/annurev.cellbio.14.1.197
[doi].

221. Aristotle, . 384 — 322 BC. Scala Naturae, .

222. Lee, J. 2008. Bioluminescence: the First 3000 Years (Review). Journal of Siberian Federal University. Biology 3 (2008 1):194-
205.

223. Chalfie, M, Tu, Y, Euskirchen, G, Ward, WW, Prasher, DC. 1994. Green fluorescent protein as a marker for gene expression.
Science. 263:802-805.

224. Tsien, RY. 1998. The green fluorescent protein. Annu. Rev. Biochem. 67:509-544. doi: 10.1146/annurev.biochem.67.1.509 [doi].

89



225. Prasher, DC, Eckenrode, VK, Ward, WW, Prendergast, FG, Cormier, MJ. 1992. Primary structure of the Aequorea victoria green-
fluorescent protein. Gene. 111:229-233. doi: 0378-1119(92)90691-H [pii].

226. Inouye, S, Nakamura, H. 1994. Stereospecificity of hydride transfer and substrate specificity for FMN-containing NAD(P)H-
flavin oxidoreductase from the luminescent bacterium, Vibrio fischeri ATCC 7744. Biochem. Biophys. Res. Commun. 205:275-281.
doi: S0006-291X(84)72661-1 [pii].

227. Lowder, M, Oliver, JD. 2001. The Use of Modified GFP as a Reporter for Metabolic Activity in Pseudomonas putida. Microb.
Ecol. 41:310-313. doi: 10.1007/s002480000094 [doi].

228. Lowder, M, Unge, A, Maraha, N, Jansson, JK, Swiggett, J, Oliver, JD. 2000. Effect of starvation and the viable-but-nonculturable
state on green fluorescent protein (GFP) fluorescence in GFP-tagged Pseudomonas fluorescens A506. Appl. Environ. Microbiol.
66:3160-3165.

229. Herzberg, M, Dosoretz, CG, Kuhn, J, Klein, S, Green, M. 2006. Visualization of active biomass distribution in a BGAC fluidized
bed reactor using GFP tagged Pseudomonas putida F1. Water Res. 40:2704-2712. doi: S0043-1354(06)00271-5 [pii].

230. Elvang, AM, Westerberg, K, Jernberg, C, Jansson, JK. 2001. Use of green fluorescent protein and luciferase biomarkers to
monitor survival and activity of Arthrobacter chlorophenolicus A6 cells during degradation of 4-chlorophenol in soil. Environ.
Microbiol. 3:32-42.

231. Tresse, O, Errampalli, D, Kostrzynska, M, Leung, KT, Lee, H, Trevors, JT, van Elsas, JD. 1998. Green fluorescent protein as a
visual marker in a p-nitrophenol degrading Moraxella sp. FEMS Microbiol. Lett. 164:187-193. doi: S0378-1097(98)00170-0 [pii].

232. Maraha, N, Backman, A, Jansson, JK. 2004. Monitoring physiological status of GFP-tagged Pseudomonas fluorescens SBW25
under different nutrient conditions and in soil by flow cytometry. FEMS Microbiol. Ecol. 51:123-132. doi: S0168-6496(04)00230-2

[pii].

233. Qazi, SN, Harrison, SE, Self, T, Williams, P, Hill, PJ. 2004. Real-time monitoring of intracellular Staphylococcus aureus
replication. J. Bacteriol. 186:1065-1077.

234. Unge, A, Jansson, J. 2001. Monitoring Population Size, Activity, and Distribution of gfp-luxAB-Tagged Pseudomonas
fluorescens SBW25 during Colonization of Wheat. Microb. Ecol. 41:290-300. doi: 10.1007/s002480000047 [doi].

235. Unge, A, Tombolini, R, Molbak, L, Jansson, JK. 1999. Simultaneous monitoring of cell number and metabolic activity of specific
bacterial populations with a dual gfp-luxAB marker system. Appl. Environ. Microbiol. 65:813-821.

236. Cho, JC, Kim, SJ. 1999. Green fluorescent protein-based direct viable count to verify a viable but non-culturable state of
Salmonella typhi in environmental samples. J. Microbiol. Methods. 36:227-235. doi: S0167-7012(99)00038-X [pii].

237. Cho, JC, Kim, SJ. 1999. Viable, but non-culturable, state of a green fluorescence protein-tagged environmental isolate of
Salmonella typhi in groundwater and pond water. FEMS Microbiol. Lett. 170:257-264. doi: S0378-1097(98)00554-0 [pii].

238. Cho, SH, Chung, YS, Cho, SK, Rim, YW, Shin, JS. 1999. Particle bombardment mediated transformation and GFP expression in
the moss Physcomitrella patens. Mol. Cells. 9:14-19.

239. Alexander, L, Lee, H, Rosenzweig, M, Jung, JU, Desrosiers, RC. 1997. EGFP-containing vector system that facilitates stable and
transient expression assays. BioTechniques. 23:64-66.

240. Heim, R, Prasher, DC, Tsien, RY. 1994. Wavelength mutations and posttranslational autoxidation of green fluorescent protein.
Proc. Natl. Acad. Sci. U. S. A. 91:12501-12504.

241. Parveen, A, Smith, G, Salisbury, V, Nelson, SM. 2001. Biofilm culture of Pseudomonas aeruginosa expressing lux genes as a
model to study susceptibility to antimicrobials. FEMS Microbiol. Lett. 199:115-118. doi: S0378-1097(01)00169-0 [pii].

242. Wiles, S, Lilley, AK, Philp, JC, Bailey, MJ, Whiteley, AS. 2005. Calibration and deployment of custom-designed bioreporters for
protecting biological remediation consortia from toxic shock. Environ. Microbiol. 7:260-269. doi: EMI703 [pii].

243. Inouye, S, Tsuji, FI. 1994. Evidence for redox forms of the Aequorea green fluorescent protein. FEBS Lett. 351:211-214. doi:
0014-5793(94)00859-0 [pii].

90



244. Mason, WT. 1999. Fluorescent and luminescent probes for biological activity: a practical guide to technolgy for quantitative real-
time analysis, 2. Edition. Academic Press, London, Great Britain.

245. Widder, EA. 2010. Bioluminescence in the ocean: origins of biological, chemical, and ecological diversity. Science. 328:704-708.
doi: 10.1126/science.1174269 [doi].

246. Gahan, CG. 2012. The bacterial lux reporter system: applications in bacterial localisation studies. Curr. Gene Ther. 12:12-19.

247. Hakkila, K, Maksimow, M, Karp, M, Virta, M. 2002. Reporter genes lucFF, luxCDABE, gfp, and dsred have different
characteristics in whole-cell bacterial sensors. Anal. Biochem. 301:235-242. doi: 10.1006/abi0.2001.5517.

248. Virta, M, Lineri, S, Kankaanpaa, P, Karp, M, Peltonen, K, Nuutila, J, Lilius, EM. 1998. Determination of complement-mediated
killing of bacteria by viability staining and bioluminescence. Appl Environ Microbiol. 64:515-9.

249. Francis, KP, Joh, D, Bellinger-Kawahara, C, Hawkinson, MJ, Purchio, TF, Contag, PR. 2000. Monitoring bioluminescent
Staphylococcus aureus infections in living mice using a novel luxABCDE construct. Infect. Immun. 68:3594-3600.

250. Wood, KV, Lam, YA, McElroy, WD, Seliger, HH. 1989. Bioluminescent click beetles revisited. J. Biolumin. Chemilumin. 4:31-
39. doi: 10.1002/bi0.1170040110 [doi].

251. Wood, KV, Lam, YA, McElroy, WD. 1989. Introduction to beetle luciferases and their applications. J. Biolumin. Chemilumin.
4:289-301. doi: 10.1002/bi0.1170040141 [doi].

252. SELIGER, HH, McELRQOY, WD, WHITE, EH, FIELD, GF. 1961. Stereo-specificity and firefly bioluminescence, a comparison
of natural and synthetic luciferins. Proc. Natl. Acad. Sci. U. S. A. 47:1129-1134.

253. Day, JC, Tisi, LC, Bailey, MJ. 2004. Evolution of beetle bioluminescence: the origin of beetle luciferin. Luminescence. 19:8-20.
doi: 10.1002/bio.749 [doi].

254. Marques, SM, Peralta, F, Esteves da Silva, JC. 2009. Optimized chromatographic and bioluminescent methods for inorganic
pyrophosphate based on its conversion to ATP by firefly luciferase. Talanta. 77:1497-1503. doi: 10.1016/j.talanta.2008.09.032 [doi].

255. McELROY, WD, KIPNIS, DM. 1947. The mechanism of inhibition of bioluminescence by nephthoquinones. J. Cell. Physiol.
30:359-380.

256. McElroy, WD. 1947. The Energy Source for Bioluminescence in an Isolated System. Proc. Natl. Acad. Sci. U. S. A. 33:342-345.

257. Zako, T, Ayabe, K, Aburatani, T, Kamiya, N, Kitayama, A, Ueda, H, Nagamune, T. 2003. Luminescent and substrate binding
activities of firefly luciferase N-terminal domain. Biochim. Biophys. Acta. 1649:183-189. doi: S1570963903001791 [pii].

258. Fraga, H, Esteves da Silva, JC, Fontes, R. 2004. Identification of luciferyl adenylate and luciferyl coenzyme a synthesized by
firefly luciferase. Chembiochem. 5:110-115. doi: 10.1002/chic.200300735 [doi].

259. Lembert, N. 1996. Firefly luciferase can use L-luciferin to produce light. Biochem. J. 317 ( Pt 1):273-277.

260. Baldwin, TO, Christopher, JA, Raushel, FM, Sinclair, JS, Ziegler, MM, Fisher, AJ, Rayment, I. 1995. Structure of Bacterial
Luciferase. Current Opinion in Structural Biology. 5:798.

261. Baldwin, TO. 1996. Firefly luciferase: the structure is known, but the mystery remains. Structure. 4:223-228.

262. Figge, MJ, Robertson, LA, Ast, JC, Dunlap, PV. 2011. Historical microbiology: revival and phylogenetic analysis of the
luminous bacterial cultures of M. W. Beijerinck. FEMS Microbiol. Ecol. 78:463-472. doi: 10.1111/j.1574-6941.2011.01177 .

263. Babic, I, Fischer-Le Saux, M, Giraud, E, Boemare, N. 2000. Occurrence of natural dixenic associations between the symbiont
Photorhabdus luminescens and bacteria related to Ochrobactrum spp. in tropical entomopathogenic Heterorhabditis spp. (Nematoda,
Rhabditida). Microbiology. 146 ( Pt 3):709-718.

264. Brown, SE, Cao, AT, Hines, ER, Akhurst, RJ, East, PD. 2004. A novel secreted protein toxin from the insect pathogenic
bacterium Xenorhabdus nematophila. J. Biol. Chem. 279:14595-14601. doi: 10.1074/jbc.M309859200 [doi].

91



265. Brugirard-Ricaud, K, Givaudan, A, Parkhill, J, Boemare, N, Kunst, F, Zumbihl, R, Duchaud, E. 2004. Variation in the effectors
of the type Ill secretion system among Photorhabdus species as revealed by genomic analysis. J. Bacteriol. 186:4376-4381. doi:
10.1128/JB.186.13.4376-4381.2004 [doi].

266. Daborn, PJ, Waterfield, N, Silva, CP, Au, CP, Sharma, S, Ffrench-Constant, RH. 2002. A single Photorhabdus gene, makes
caterpillars floppy (mcf), allows Escherichia coli to persist within and kill insects. Proc. Natl. Acad. Sci. U. S. A. 99:10742-10747. doi:
10.1073/pnas.102068099.

267. Eleftherianos, I, Marokhazi, J, Millichap, PJ, Hodgkinson, AJ, Sriboonlert, A, ffrench-Constant, RH, Reynolds, SE. 2006. Prior
infection of Manduca sexta with non-pathogenic Escherichia coli elicits immunity to pathogenic Photorhabdus luminescens: roles of
immune-related proteins shown by RNA interference. Insect Biochem. Mol. Biol. 36:517-525. doi: 10.1016/j.ibmb.2006.04.001.

268. Eleftherianos, 1, ffrench-Constant, RH, Clarke, DJ, Dowling, AJ, Reynolds, SE. 2010. Dissecting the immune response to the
entomopathogen Photorhabdus. Trends Microbiol. 18:552-560. doi: 10.1016/j.tim.2010.09.006 [doi].

269. Ffrench-Constant, RH, Eleftherianos, I, Reynolds, SE. 2007. A nematode symbiont sheds light on invertebrate immunity. Trends
Parasitol. 23:514-517. doi: $1471-4922(07)00255-3 [piil.

270. Fischer-Le Saux, M, Viallard, V, Brunel, B, Normand, P, Boemare, NE. 1999. Polyphasic classification of the genus
Photorhabdus and proposal of new taxa: P. luminescens subsp. luminescens subsp. nov., P. luminescens subsp. akhurstii subsp. nov.,
P. luminescens subsp. laumondii subsp. nov., P. temperata sp. nov., P. temperata subsp. temperata subsp. nov. and P. asymbiotica sp.
nov. Int. J. Syst. Bacteriol. 49 Pt 4:1645-1656.

271. Foucault, ML, Thomas, L, Goussard, S, Branchini, BR, Grillot-Courvalin, C. 2010. In vivo bioluminescence imaging for the
study of intestinal colonization by Escherichia coli in mice. Appl. Environ. Microbiol. 76:264-274. doi: 10.1128/AEM.01686-09.

272. Gerrard, JG, Joyce, SA, Clarke, DJ, ffrench-Constant, RH, Nimmo, GR, Looke, DF, Feil, EJ, Pearce, L, Waterfield, NR. 2006.
Nematode symbiont for Photorhabdus asymbiotica. Emerg. Infect. Dis. 12:1562-1564. doi: 10.3201/eid1210.060464 [doi].

273. Close, DM, Patterson, SS, Ripp, S, Baek, SJ, Sanseverino, J, Sayler, GS. 2010. Autonomous bioluminescent expression of the
bacterial luciferase gene cassette (lux) in a mammalian cell line. PLoS One. 5:e12441. doi: 10.1371/journal.pone.0012441.

274. Meighen, EA. 1994. Genetics of Bacterial Bioluminescence. Annu. Rev. Genet. 28:117.

275. Meighen, EA. 1993. Bacterial bioluminescence: organization, regulation, and aplication of lux genes. The FASEB Journal.
7:1016.

276. Cline, TW, Hastings, JW. 1972. Mutationally altered bacterial luciferase. Implications for subunit functions. Biochemistry.
11:3359-3370.

277. Hill, PJ, Stewart, GS, Stanley, PE. 1993. Bioluminescence and chemiluminescence literature. Luciferase reporter genes--lux and
luc. Part 2. J. Biolumin. Chemilumin. 8:267-291. doi: 10.1002/bi0.1170080507 [doi].

278. Alves, E, Faustino, MA, Tome, JP, Neves, MG, Tome, AC, Cavaleiro, JA, Cunha, A, Gomes, NC, Almeida, A. 2011.
Photodynamic antimicrobial chemotherapy in aquaculture: photoinactivation studies of Vibrio fischeri. PLoS One. 6:€20970. doi:
10.1371/journal.pone.0020970 [doi].

279. Engebrecht, J, Simon, M, Silverman, M. 1985. Measuring gene expression with light. Science. 227:1345-1347.

280. Blouin, K, Walker, SG, Smit, J, Turner, R. 1996. Characterization of In Vivo Reporter Systems for Gene Expression and
Biosensor Applications Based on luxAB Luciferase Genes. Appl. Environ. Microbiol. 62:2013-2021.

281. Korpela, M, Mantsala, P, Lilius, EM, Karp, M. 1989. Stable-light-emitting Escherichia coli as a biosensor. J. Biolumin.
Chemilumin. 4:551-554. doi: 10.1002/bi0.1170040172.

282. Kirchner, G, Roberts, JL, Gustafson, GD, Ingolia, TD. 1989. Active bacterial luciferase from a fused gene: expression of a Vibrio
harveyi luxAB translational fusion in bacteria, yeast and plant cells. Gene. 81:349-354.

283. Nikoskelainen, S, Bylund, G, Lilius, EM. 2004. Effect of environmental temperature on rainbow trout (Oncorhynchus mykiss)
innate immunity. Dev. Comp. Immunol. 28:581-592. doi: 10.1016/j.dci.2003.10.003.

92



284. Porcel, JM, Peakman, M, Senaldi, G, Vergani, D. 1993. Methods for assessing complement activation in the clinical immunology
laboratory. J Immunol Methods. 157:1-9.

285. Virolainen, NE, Pikkemaat, MG, Elferink, JW, Karp, MT. 2008. Rapid detection of tetracyclines and their 4-epimer derivatives
from poultry meat with bioluminescent biosensor bacteria. J. Agric. Food Chem. 56:11065-11070. doi: 10.1021/jf801797z.

286. Beard, SJ, Salisbury, V, Lewis, RJ, Sharpe, JA, MacGowan, AP. 2002. Expression of lux genes in a clinical isolate of
Streptococcus pneumoniae: using bioluminescence to monitor gemifloxacin activity. Antimicrob. Agents Chemother. 46:538-542.

287. Gupta, RK, Patterson, SS, Ripp, S, Simpson, ML, Sayler, GS. 2003. Expression of the Photorhabdus luminescens lux genes
(luxA, B, C, D, and E) in Saccharomyces cerevisiae. FEMS Yeast Res. 4:305-313. doi: S1567135603001740 [pii].

288. Shirazy, NH, Ranjbar, B, Hosseinkhani, S, Khalifeh, K, Madvar, AR, Naderi-Manesh, H. 2007. Critical role of Glul75 on
stability and folding of bacterial luciferase: stopped-flow fluorescence study. J. Biochem. Mol. Biol. 40:453-458.

289. Madvar, AR, Hosseinkhani, S, Khajeh, K, Ranjbar, B, Asoodeh, A. 2005. Implication of a critical residue (Glul75) in structure
and function of bacterial luciferase. FEBS Lett. 579:4701-4706. doi: 10.1016/j.febslet.2005.07.040.

290. Szittner, R, Meighen, E. 1990. Nucleotide sequence, expression, and properties of luciferase coded by lux genes from a terrestrial
bacterium. J. Biol. Chem. 265:16581-16587.

291. Winson, MK, Swift, S, Hill, PJ, Sims, GG, Bycroft, BW, Williams, P, Stewart, GSAB. 1998. Engineering the luxCDABE genes
from Photorhabdus luminescens to provide a bioluminescent reporter for constitutive and probe plasmid and mini-Tn5 construct
. FEMS Microbiology Letters. 163:193.

292. Martini, S, Al Ali, B, Garel, M, Nerini, D, Grossi, V, Pacton, M, Casalot, L, Cuny, P, Tamburini, C. 2013. Effects of hydrostatic
pressure on growth and luminescence of a moderately-piezophilic luminous bacteria Photobacterium phosphoreum ANT-2200. PLoS
One. 8:e66580. doi: 10.1371/journal.pone.0066580 [doi].

293. Qazi, SN, Counil, E, Morrissey, J, Rees, CE, Cockayne, A, Winzer, K, Chan, WC, Williams, P, Hill, PJ. 2001. agr Expression
Precedes Escape of Internalized Staphylococcus aureus From the Host Endosome. Infection and Immunity. 7074-7082.

294. Koga, K, Harada, T, Shimizu, H, Tanaka, K. 2005. Bacterial luciferase activity and the intracellular redox pool in Escherichia
coli. Mol Gen Genomics. 274:180.

295. Sitaras, C, Beyde, A, Malekazari, P, Herrington, MB. 2011. Light producing reporter plasmids for Escherichia coli K-12 that can
be integrated into the chromosome. Plasmid. 65:232-238. doi: 10.1016/j.plasmid.2011.02.005.

296. Yagur-Kroll, S, Belkin, S. 2011. Upgrading bioluminescent bacterial bioreporter performance by splitting the lux operon. Anal.
Bioanal Chem. 400:1071-1082. doi: 10.1007/s00216-010-4266-7.

297. Chong, G, Kimyon, O, Rice, SA, Kjelleberg, S, Manefield, M. 2012. The presence and role of bacterial quorum sensing in
activated sludge. Microb. Biotechnol. 5:621-633. doi: 10.1111/j.1751-7915.2012.00348.x [doi].

298. Chong, TM, Tung, HJ, Yin, WF, Chan, KG. 2012. Insights from the genome sequence of quorum-quenching Staphylococcus sp.
strain AL1, isolated from traditional Chinese soy sauce brine fermentation. J. Bacteriol. 194:6611-6612. doi: 10.1128/JB.01669-12
[doi].

299. Chong, TM, Koh, CL, Sam, CK, Choo, YM, Yin, WF, Chan, KG. 2012. Characterization of quorum sensing and quorum
quenching soil bacteria isolated from Malaysian tropical montane forest. Sensors (Basel). 12:4846-4859. doi: 10.3390/s120404846
[doi].

300. Dunny, GM, Leonard, BA, Hedberg, PJ. 1995. Pheromone-inducible conjugation in Enterococcus faecalis: interbacterial and
host-parasite chemical communication. J. Bacteriol. 177:871-876.

301. Nealson, KH, Markovitz, A. 1970. Mutant analysis and enzyme subunit complementation in bacterial bioluminescence in
Photobacterium fischeri. J. Bacteriol. 104:300-312.

302. Nealson, KH, Platt, T, Hastings, JW. 1970. Cellular control of the synthesis and activity of the bacterial luminescent system. J.
Bacteriol. 104:313-322.

93



303. Bassler, BL, Wright, M, Silverman, MR. 1994. Multiple signalling systems controlling expression of luminescence in Vibrio
harveyi: sequence and function of genes encoding a second sensory pathway. Mol. Microbiol. 13:273-286.

304. Bassler, BL, Wright, M, Silverman, MR. 1994. Sequence and function of LuxO, a negative regulator of luminescence in Vibrio
harveyi. Mol. Microbiol. 12:403-412.

305. Adar, YY, Ulitzur, S. 1993. GroESL proteins facilitate binding of externally added inducer by LuxR protein-containing E. coli
cells. J. Biolumin. Chemilumin. 8:261-266. doi: 10.1002/bio.1170080506 [doi].

306. Bainton, NJ, Bycroft, BW, Chhabra, SR, Stead, P, Gledhill, L, Hill, PJ, Rees, CE, Winson, MK, Salmond, GP, Stewart, GS. 1992.
A general role for the lux autoinducer in bacterial cell signalling: control of antibiotic biosynthesis in Erwinia. Gene. 116:87-91.

307. Boettcher, KJ, Ruby, EG. 1995. Detection and quantification of Vibrio fischeri autoinducer from symbiotic squid light organs. J.
Bacteriol. 177:1053-1058.

308. Choi, SH, Greenberg, EP. 1991. The C-terminal region of the Vibrio fischeri LuxR protein contains an inducer-independent lux
gene activating domain. Proc. Natl. Acad. Sci. U. S. A. 88:11115-11119.

309. Choi, SH, Greenberg, EP. 1992. Genetic dissection of DNA binding and luminescence gene activation by the Vibrio fischeri
LuxR protein. J. Bacteriol. 174:4064-4069.

310. Dunlap, PV, Kuo, A. 1992. Cell density-dependent modulation of the Vibrio fischeri luminescence system in the absence of
autoinducer and LuxR protein. J. Bacteriol. 174:2440-2448.

311. Swift, S, Winson, MK, Chan, PF, Bainton, NJ, Birdsall, M, Reeves, PJ, Rees, CE, Chhabra, SR, Hill, PJ, Throup, JP. 1993. A
novel strategy for the isolation of luxl homologues: evidence for the widespread distribution of a LuxR:Luxl| superfamily in enteric
bacteria. Mol. Microbiol. 10:511-520.

312. Dyszel, JL, Soares, JA, Swearingen, MC, Lindsay, A, Smith, JN, Ahmer, BM. 2010. E. coli K-12 and EHEC genes regulated by
SdiA. PLoS One. 5:e8946. doi: 10.1371/journal.pone.0008946 [doi].

313. Dyszel, JL, Smith, JN, Lucas, DE, Soares, JA, Swearingen, MC, Vross, MA, Young, GM, Ahmer, BM. 2010. Salmonella enterica
serovar Typhimurium can detect acyl homoserine lactone production by Yersinia enterocolitica in mice. J. Bacteriol. 192:29-37. doi:
10.1128/JB.01139-09 [doi].

314. Kanamaru, K, Kanamaru, K, Tatsuno, I, Tobe, T, Sasakawa, C. 2000. Regulation of virulence factors of enterohemorrhagic
Escherichia coli 0157:H7 by self-produced extracellular factors. Biosci. Biotechnol. Biochem. 64:2508-2511. doi:
10.1271/bbb.64.2508 [doi].

315. Surette, MG, Bassler, BL. 1999. Regulation of autoinducer production in Salmonella typhimurium. Mol. Microbiol. 31:585-595.

316. Schauder, S, Shokat, K, Surette, MG, Bassler, BL. 2001. The LuxS family of bacterial autoinducers: biosynthesis of a novel
quorum-sensing signal molecule. Mol. Microbiol. 41:463-476. doi: mmi2532 [pii].

317. Sperandio, V. 2010. SdiA sensing of acyl-homoserine lactones by enterohemorrhagic E. coli (EHEC) serotype O157:H7 in the
bovine rumen. Gut Microbes. 1:432-435. doi: 10.4161/gmic.1.6.14177 [doi].

318. Brachmann, AO, Bode, HB. 2013. Identification and bioanalysis of natural products from insect symbionts and pathogens. Adv.
Biochem. Eng. Biotechnol. 135:123-155. doi: 10.1007/10_2013_192 [doi].

319. Lango-Scholey, L, Brachmann, AO, Bode, HB, Clarke, DJ. 2013. The expression of stlA in Photorhabdus luminescens is
controlled by nutrient limitation. PLoS One. 8:e82152. doi: 10.1371/journal.pone.0082152 [doi].

320. Miyashiro, T, Oehlert, D, Ray, VA, Visick, KL, Ruby, EG. 2014. The putative oligosaccharide translocase SypK connects
biofilm formation with quorum signaling in Vibrio fischeri. Microbiologyopen. . doi: 10.1002/mbo3.199 [doi].

321. Verma, SC, Miyashiro, T. 2013. Quorum sensing in the squid-Vibrio symbiosis. Int. J. Mol. Sci. 14:16386-16401. doi:
10.3390/ijms140816386 [doi].

322. Singleton, P. 1999. Bacteria in Biology, Biotechnology and Medicine, 5. Edition. Wiley, Hoboken, USA.

94



323. Hudault, S, Guignot, J, Servin, AL. 2001. Escherichia coli strains colonising the gastrointestinal tract protect germfree mice
against Salmonella typhimurium infection. Gut. 49:47-55.

324. Grozdanov, L, Raasch, C, Schulze, J, Sonnenborn, U, Gottschalk, G, Hacker, J, Dobrindt, U. 2004. Analysis of the genome
structure of the nonpathogenic probiotic Escherichia coli strain Nissle 1917. J. Bacteriol. 186:5432-5441. doi:
10.1128/JB.186.16.5432-5441.2004 [doi].

325. Bachmann, BJ. 1990. Linkage map of Escherichia coli K-12, edition 8. Microbiol. Rev. 54:130-197.
326. Bachmann, BJ. 1972. Pedigrees of some mutant strains of Escherichia coli K-12. Bacteriol. Rev. 36:525-557.

327. Neu, HC, Swarz, H. 1969. Resistance of Escherichia coli and Salmonella typhimurium to carbenicillin. J. Gen. Microbiol.
58:301-305.

328. Neu, HC. 1969. Effect of beta-lactamase location in Escherichia coli on penicillin synergy. Appl. Microbiol. 17:783-786.

329. Bush, K, Jacoby, GA, Medeiros, AA. 1995. A functional classification scheme for beta-lactamases and its correlation with
molecular structure. Antimicrob. Agents Chemother. 39:1211-1233.

330. Knox, JR. 1995. Extended-spectrum and inhibitor-resistant TEM-type beta-lactamases: mutations, specificity, and three-
dimensional structure. Antimicrob. Agents Chemother. 39:2593-2601.

331. Ciz, M, Lojek, A. 1993. Kinetics of luminol-enhanced chemiluminescence induced in murine splenocytes and bone marrow cells
by various stimulating agents. Folia Biol. (Praha). 39:106-116.

332. Ciz, M, Denev, P, Kratchanova, M, Vasicek, O, Ambrozova, G, Lojek, A. 2012. Flavonoids inhibit the respiratory burst of
neutrophils in mammals. Oxid Med. Cell. Longev. 2012:181295. doi: 10.1155/2012/181295; 10.1155/2012/181295.

333. Jancinova, V, Perecko, T, Harmatha, J, Nosal, R, Drabikova, K. 2012. Decreased activity and accelerated apoptosis of neutrophils
in the presence of natural polyphenols. Interdiscip. Toxicol. 5:59-64. doi: 10.2478/v10102-012-0010-9; 10.2478/v10102-012-0010-9.

334. Jancinova, V, Perecko, T, Nosal, R, Mihalova, D, Bauerova, K, Drabikova, K. 2011. Pharmacological regulation of neutrophil
activity and apoptosis: Contribution to new strategy for modulation of inflammatory processes. Interdiscip. Toxicol. 4:11-14. doi:
10.2478/v10102-011-0003-0; 10.2478/v10102-011-0003-0.

335. Lilius, E, Méki, A, Proskin, J, Rajaméki, A. 1987. Leucocytes as Immunosensors: Whole Blood Chemiluminescence (CL) in
Human Leucocytes. Bioluminescence and Chemiluminescence New Perspectives. 53-56.

336. Lilius, E, Nykanen, J, Stahlberg, M. 1987. Leucocytes as Immunosensors: A Screening Method For Food Intolerance.
Bioluminescence and Chemiluminescence New Perspectives. 145-148.

337. Lilius, EM, Marnila, P. 1992. Photon emission of phagocytes in relation to stress and disease. Experientia. 48:1082-1091.

338. Marnila, P, Tiiska, A, Lagerspetz, K, Lilius, EM. 1995. Phagocyte activity in the frog Rana temporaria: whole blood
chemiluminescence method and the effects of temperature and thermal acclimation. Comp. Biochem. Physiol. A Physiol. 111:609-
614.

339. Jantan, |, Harun, NH, Septama, AW, Murad, S, Mesaik, MA. 2011. Inhibition of chemiluminescence and chemotactic activity of
phagocytes in vitro by the extracts of selected medicinal plants. J. Nat. Med. 65:400-405. doi: 10.1007/s11418-010-0492-8;
10.1007/s11418-010-0492-8.

340. Lafuente, A, Pujol, F, Carretero, P, Trias, M, Trush, MA. 1994. Myeloperoxidase activity and whole blood chemiluminescence in
bladder cancer--influence of smoking. Exp. Toxicol. Pathol. 46:471-476. doi: 10.1016/S0940-2993(11)80064-3.

341. Pedata, P, Garzillo, EM, Miranda, R, Antonucci, A, Feola, D, Miraglia, N, Sannolo, N, Lamberti, M. 2012. Functional changes in
human peripheral neutrophils in workers with different exposure to noxious agents. Int. J. Environ. Health Res. 22:458-467. doi:
10.1080/09603123.2011.654329; 10.1080/09603123.2011.654329.

342. Lilius, EM, Nuutila, JT. 2006. Particle-induced myeloperoxidase release in serially diluted whole blood quantifies the number
and the phagocytic activity of blood neutrophils and opsonization capacity of plasma. Luminescence. 21:148-58.

95



343. Mishra, A, Dwivedi, PD, Verma, AS, Ray, PK. 1999. Protein-A activates membrane bound multicomponent enzyme complex,
NADPH oxidase in human neutrophils. Immunopharmacol. Immunotoxicol. 21:683-694. doi: 10.3109/08923979909007134 [doi].

344. Crocker, IP, Baker, PN, Fletcher, J. 2000. Neutrophil function in pregnancy and rheumatoid arthritis. Ann. Rheum. Dis. 59:555-
564.

345. Lang, ML, Kerr, MA. 2000. Neutrophil NADPH oxidase does not assemble on macropinocytic vacuole membranes. Immunol.
Lett. 72:1-6. doi: S0165-2478(00)00153-X [pii].

346. Freebern, WJ, Bigwarfe, TJ, Price, KD, Haggerty, HG. 2013. Methods: implementation of in vitro and ex vivo phagocytosis and
respiratory burst function assessments in safety testing. J. Immunotoxicol. 10:106-117. doi: 10.3109/1547691X.2012.736427 [doi].

347. Loimaranta, V, Nuutila, J, Marnila, P, Tenovuo, J, Korhonen, H, Lilius, EM. 1999. Colostral proteins from cows immunised with
Streptococcus mutans/S. sobrinus support the phagocytosis and killing of mutans streptococci by human leucocytes. J. Med.
Microbiol. 48:917-926.

348. Butler, KL, Ambravaneswaran, V, Agrawal, N, Bilodeau, M, Toner, M, Tompkins, RG, Fagan, S, Irimia, D. 2010. Burn injury
reduces neutrophil directional migration speed in microfluidic devices. PLoS One. 5:11921. doi: 10.1371/journal.pone.0011921 [doi].

349. Jones, CN, Moore, M, Dimisko, L, Alexander, A, lbrahim, A, Hassell, BA, Warren, HS, Tompkins, RG, Fagan, SP, Irimia, D.
2014. Spontaneous Neutrophil Migration Patterns during Sepsis after Major Burns. PLoS One. 9:¢114509. doi:
10.1371/journal.pone.0114509 [doi].

350. Barer, MR, Harwood, CR. 1999. Bacterial viability and culturability. Adv Microb Physiol. 41:93-137.

351. Melching, L, Vas, SI. 1971. Effects of serum components on gram-negative bacteria during bactericidal reactions. Infect. Immun.
3:107-115.

352. Lampinen, J, Raitio, M, Perdld, A, et al. 2012. Microplate Based Pathlength Correction Method for Photometric DNA
QuantificatioAssay Application Note Application Laboratory, Sample Preparation & Analysis, Thermo Fisher Scientific, Vantaa,
Finland. 1.

353. Friec, GL, Kemper, C. 2009. Complement: coming full circle. Arch Immunol Ther Exp (Warsz). 57:393-407.

354. Mollnes, TE, Jokiranta, TS, Truedsson, L, Nilsson, B, Rodriguez de Cordoba, S, Kirschfink, M. 2007. Complement analysis in
the 21st century. Mol. Immunol. 44:3838-3849. doi: 10.1016/j.molimm.2007.06.150.

355. Abdel-Naim, AB, Mohamadin, AM. 2004. Myeloperoxidase-catalyzed oxidation of chloroacetonitrile to cyanide. Toxicol. Lett.
146:249-257. doi: S0378427403003771 [pii].

356. Dixon, M, Webb, E,C. 1966. ENZYMES, 2. Edition. Longmans, Green and CO LTD, London, Great Britain, London, Great
Britain.

357. Meister, A, Anderson, ME, Hwang, O. 1986. Intracellular cysteine and glutathione delivery systems. J. Am. Coll. Nutr. 5:137-
151.

358. Palazzolo, AM, Suquet, C, Konkel, ME, Hurst, JK. 2005. Green fluorescent protein-expressing Escherichia coli as a selective
probe for HOCI generation within neutrophils. Biochemistry. 44:6910-6919. doi: 10.1021/bi047342s [doi].

359. Koelsch, M, Mallak, R, Graham, GG, Kajer, T, Milligan, MK, Nguyen, LQ, Newsham, DW, Keh, JS, Kettle, AJ, Scott, KF,
Ziegler, JB, Pattison, DI, Fu, S, Hawkins, CL, Rees, MD, Davies, MJ. 2010. Acetaminophen (paracetamol) inhibits myeloperoxidase-
catalyzed oxidant production and biological damage at therapeutically achievable concentrations. Biochem. Pharmacol. 79:1156-1164.
doi: 10.1016/j.bcp.2009.11.024; 10.1016/j.bcp.2009.11.024.

360. Calabrese, EJ. 1995. Toxicological consequences of multiple chemical interactions: a primer. Toxicology. 105:121-135.

361. Putus, T. 2014. Home ja terveys Kosteusvauriohomeiden, hiivojen ja sddesienten esiintyminen sekd terveyshaitat. Suomen
Y mpéristo- ja Terveysalan Kustannus Oy, Pori, Finland.

96



362. Andersson, MA, Mikkola, R, Rasimus, S, Hoornstra, D, Salin, P, Rahkila, R, Heikkinen, M, Mattila, S, Peltola, J, Kalso, S,
Salkinoja-Salonen, M. 2010. Boar spermatozoa as a biosensor for detecting toxic substances in indoor dust and aerosols. Toxicol. in.
Vitro. 24:2041-2052. doi: 10.1016/j.tiv.2010.08.011.

363. Andersson, MA, Hakulinen, P, Honkalampi-Hamalainen, U, Hoornstra, D, Lhuguenot, JC, Maki-Paakkanen, J, Savolainen, M,
Severin, I, Stammati, AL, Turco, L, Weber, A, von Wright, A, Zucco, F, Salkinoja-Salonen, M. 2007. Toxicological profile of
cereulide, the Bacillus cereus emetic toxin, in functional assays with human, animal and bacterial cells. Toxicon. 49:351-367. doi:
S0041-0101(06)00399-0 [pii].

364. Kinoshita, Y, Fukase, M, Takenaka, M, Nakada, M, Miyauchi, A, Fujita, T. 1985. Calcitonin-responsive clonal cell line from
porcine kidney (PK(15)) in serum-free medium. Endocrinol. Jpn. 32:819-828.

365. TOXTEST 2013. Loppuraportti, Toksikologisen menetelmén kehittdmissuunnitelma TOXTEST 2010 - 2012. Sosiaali- ja
terveysministerid, Helsinki, Finland.

366. Ranta, E, Rita, H, Kouki, J. 1997. BIOMETRIA Tilastotiedett4 ekologeille, 6. Edition. Yliopistopaino, Helsinki, Finland.

97



9. REPRINTS OF THE ORIGINAL PUBLICATIONS AND MANUSCRIPTS

| Reprinted with permission from Elsevier Science B.V.
Il Reprinted with permission from John Wiley & Sons, Ltd
11 Reprinted with permission from Elsevier Science B.V.

v Reprinted with permission from the European Journal of Entomology

V Reprinted with permission from The Scientific World Journal
VI Reprinted with permission from the authors

Vil Reprinted with permission from the Elsevier Science B.V.
VIl Reprinted with permission from the authors

98



