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GENERAL INTRODUCTION

ANTIBIOTIC RESISTANCE

Antibiotic-resistant bacteria pose a very serious threat to public health.While the frequency
of antibiotic resistance in pathogenic bacteria keeps increasing, no real new classes of
antimicrobial agents are expected within the next few years (1-3). Only a limited number of
antibiotics is still effective against various pathogens such as methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococcus faecium (VREF), and extended-spectrum
beta-lactamase-producing (ESBL) Gram-negative bacteria (4). Some Gram-negative bacteria
have even acquired resistance against all available classes of antibiotics and are thus
untreatable (5;6). Since development of novel antibiotics has been lagging behind over the

last decades (7), there is an urgent need for novel antimicrobial agents (8).

ANTIMICROBIAL PEPTIDES HAVE AN IMPORTANT ROLE IN THE FIRST
LINE OF DEFENSE AGAINST MICROORGANISMS

Cationic antimicrobial peptides (AMPs) are an essential part of the innate immune system,
present in virtually all life forms (9;10). Invertebrates lack an adaptive immune system and
therefore rely strongly on AMPs for their defense against invading microorganisms (I 1). Most
AMPs are small, amphipathic X-helical or B-sheet peptides with direct antimicrobial activity.
Their supposed bactericidal mechanism of action is targeted directly towards microbial
membranes (12), although AMPs may also have intracellular targets (13;14). A cationic
domain of these peptides interacts specifically with the negatively charged outer surfaces
of microorganisms and a hydrophobic domain is required for membrane perturbation or
penetration, either causing membrane disruption or translocation into the cell (15;16).
Some bacteria have evolved mechanisms to reduce their outer surface negative charge to
reduce their susceptibility to AMPs.This involves complex biosynthetic pathways, so the risk
for rapid resistance development against AMPs is considered low (10).

AMPs are mainly expressed by epithelial cells and in phagocytic cells (10). In humans, the
main groups of AMPs are the B-sheet defensins and LL-37, the only known -helical AMP in
humans (17). Chemokines — small cytokines with chemotactic activity — have a 3-dimensional
structure resembling that of defensins (18-20), and indeed many chemokines have direct
antimicrobial activity (18;21). Natural AMPs are often used as template for the development
of novel antimicrobial agents (22;23). Alternatively, synthetic AMPs are rationally designed
based on common structural elements in natural AMPs, LPS-binding or other proteins (24).
For instance, Bactericidal Peptide 2 was designed based on LPS-binding domains of various

naturally occuring LPS-binding proteins (25).



THROMBOCIDINS, ANTIMICROBIAL PROTEINS FROM HUMAN BLOOD
PLATELETS

Thrombocidins (TCs) are antimicrobial proteins from human blood platelets (26).TCs were
identified in platelet granule sonicate. TC-1 and TC-2 only lack two C-terminal amino acids
compared to the chemokines NAP-2 and CTAP-III, respectively. This C-terminal truncation
results in substantially stronger microbicidal activity of TC-1 and TC-2 compared to their
homologues NAP-2 and CTAP-III, respectively (26). TC-I is the most potent thrombocidin
with microbicidal activity at low micromolar concentrations. Experiments in rabbit models
indicate that TCs are involved in protection against viridans streptococcal endocarditis (27).
Several other chemokines also have direct antimicrobial activity (18;20;21;28;29). This
activity seems to be associated with the presence of a distinct cationic patch at the surface
of antimicrobial chemokines (21). We aimed to unravel the structural requirements for
microbicidal activity of TC-1.We utilized this knowledge to construct TC-| variants with

enhanced activity, and to design thrombocidin-derived microbicidal peptides.

Honey, a natural product with a long history of medical application

Honey is one of the oldest agents used in medicine, mostly applied for wound healing (30).
Direct antibacterial activity of honey was first reported in 1892 (cited by Dustmann in 1919).
With the advent of antibiotics, the clinical application of honey was abandoned in modern
Western medicine, though in many cultures it is still used.The potent activity of honey against
antibiotic-resistant bacteria (31-33) renewed interest for its application (34-36). A large
number of reports indicate that honey has therapeutic benefit in assisting wound healing
(37), but most of these reports concerned clinical observations rather than randomized
studies.The best evidence regarding the efficacy of honey has been obtained for treatment of
burn wounds. For mild to moderate superficial and partial thickness burns, honey was more
effective than conventional treatment for reduction of microbial colonization and improved
wound healing (38;39).There is however insufficient evidence to guide clinical application of
honey in other areas (39), so high-quality clinical trials are warranted. Additional obstacles
for the applicability of honey as antimicrobial agent, however, are its undefined nature and
the large variation in antibacterial activity between honeys obtained from different sources,

or even within batches of honey from the same natural source.

ANTIMICROBIAL COMPONENTS IN HONEY
Honey is a saturated or super-saturated sugar solution, containing about 85% sugars (40).
Such a high concentration of sugar has antimicrobial activity since it causes osmotic stress

(40;41). Hydrogen peroxide is another well-known antibacterial compound in honey (40;42-



44). Upon moderate dilution of honey, glucose oxidase - added by honey bees during
production of honey - converts glucose into H,O, and gluconic acid (45;46). Honey has a
low pH (generally between 3.2 and 4.5), mainly due to this gluconic acid, but the contribution
of the low pH to the antimicrobial activity is still disputed (40).

For several honeys there are clear indications for the presence of additional antibacterial
factors (40;44;47). Manuka honey is the best studied honey with potent activity exerted
by additional factors (44;48;49). This honey is produced from nectar of the Manuka tree
(Leptospermum scoparium) which is indigenous to New-Zealand. Several phenolic and
acidic compounds with antibacterial activity have been isolated from Manuka honey, but
these compounds could not fully explain the potent activity of this honey (40). Recently,
methylglyoxal (MGO) was identified as an antibacterial compound in Manuka. MGO is
present in various foods, but the concentrations found in Manuka honey are exceptionally
high (50;51).The contribution of MGO to the overall activity of Manuka honey, however, is

also still unclear.

MEDICAL-GRADE HONEYS

Raw honey can contain bacterial spores, most notoriously those of Clostridium botulinum,
which can cause wound botulism or gangrene (52). Honey intended for medical application
is therefore sterilized by gamma-irradiation to destroy potentially present bacterial spores
(53). Revamil® and Manuka-based honeys (e.g.Active Manuka®, Medihoney® and Activon®) are
approved for treatment of wounds. The exact antibacterial composition and the magnitude
of the antibacterial activity of these medical-grade honeys, however, are still largely unknown
or undefined. Implementation of honey in modern medicine requires potent broad spectrum
antimicrobial activity, high reproducibility, knowledge of its mechanism of action and evidence
for clinical efficacy.

The honey used as a source for Revamil® (designated as RS honey in this thesis) is produced
by a standardized process in greenhouses, but its antimicrobial activity is not routinely tested.
Manuka honey is collected from the natural environment and has large batch-to-batch
variation in antibacterial activity (44). Batches of medical-grade Manuka honey are therefore
individually screened for antibacterial activity. Detailed knowledge of the bactericidal
spectrum, kinetics of killing, the mechanism of action and clinical efficacy of these medical-

grade honeys are still largely unknown.

SCOPE OF THISTHESIS
The aim of this thesis was to unravel the mechanism of antimicrobial activity of two groups

of naturally occurring antimicrobial agents with promising properties: thrombocidins and

10



honey. In addition we also aimded to optimize the activity of these agents. We studied the
3-dimensional structures of TC-1 and NAP-2 with nuclear magnetic resonance (NMR)
to assess whether the 2 amino acid C-terminal truncation in TC-| resulted in structural
changes compared to NAP-2 (chapter 2). We subsequently characterized the role of the
positive patch and of linear peptide regions for antimicrobial activity of TC-1 and aimed to
design TC variants and TC-derived peptides with enhanced antimicrobial activity (chapter 3).
Another potentially useful novel antimicrobial is the synthetic peptide “Bactericidal Peptide
2” (BP2). We tested the potential of this peptide for in vivo application to treat bacterial
infection in a mouse model for biomaterial-associated infection (chapter 4).

The antimicrobial activity of Revamil® honey in vitro and on skin of healthy human volunteers
was investigated in chapter 5.We aimed to identify the factors contributing to the bactericidal
activity of RS honey, the source honey of Revamil® and describe these in chapter 6. We
subsequently compared the kinetics of bactericidal activity of RS and Manuka honey and
determined the contribution of individual factors for this activity (chapter 7).In chapter 8 we
describe how we aimed to improve the rapid bactericidal activity of RS honey by enrichment
with its endogenous bactericidal compounds or by addition of exogenous antimicrobial
peptides. Finally, the general findings presented in this thesis are discussed and summarized

in chapter 9.
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