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GENERAL DISCUSSION AND SUMMARY

Antibiotic-resistant bacteria pose a very serious threat to public health. Resistance of
bacterial pathogens against most classes of antimicrobial agents is increasing worldwide
while very few new antibiotics are being developed (1;2).Therefore alternative antimicrobial
strategies are urgently needed.

Cationic antimicrobial peptides (AMPs) are an essential component of defence of
multicellular organisms against invading microorganisms. AMPs have been identified in
virtually all organisms, but despite their large abundance, only few bacteria have been able to
develop resistance against this class of molecules. AMPs are therefore promising candidates
as alternative to antibiotics. Thrombocidins (TCs) are microbicidal proteins of human blood
platelets. We characterized the structural requirements for microbicidal activity of TC-I,
the most potent thrombocidin, and designed TC-1 variants and TC-derived peptides with
enhanced antimicrobial activity.

One of the oldest medicines of mankind is honey. It has mainly been applied as anti-infective
agent in wound healing and nowadays it is still used in many cultures.The potent antimicrobial
activity against antibiotic-resistant bacteria has renewed the interest in application of honey
in modernWestern medicine.VWe assessed the antimicrobial activity of medical-grade honeys
and identified factors responsible for this activity. In the final part of this thesis, we aimed
to enhance the bactericidal activity of medical-grade honey by enriching the honey with

antimicrobial peptides.

STRUCTURAL REQUIREMENTS FORANTIMICROBIAL ACTIVITY OFTC-I
TC-1 and TC-2 are derivatives of the chemokines NAP-2 and CTAP-Ill, respectively, only
differing by a two amino acid C-terminal truncation (3).This truncation however is essential
for potent antimicrobial activity. Chemokines were initially characterized as small cytokines
with chemoattractant activity towards neutrophils or monocytes, but these molecules can
also regulate angiogenesis, vascular and neuronal development and tissue repair (4-7). More
and more chemokines are also known to have direct antimicrobial activity (8-12), which is
associated with the presence of a distinct cationic patch at their surface (11).

TC-1I has a positive patch consisting of several residues in the turn between the second and
third B-sheet, several on one face of the C-terminal &-helix and a single residue (K17) in
the turn prior to the first B-sheet (chapter 3). Structural analysis revealed that a synthetic
peptide corresponding to the X-helical region of NAP-2 is much more flexible than a similar
peptide of TC-I; the C-terminus of the NAP-2 peptide folds back to interact with the

positively charged region of the X-helix (13). Using backbone dynamic studies, we show
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that the last two residues of intact NAP-2 are highly restrained, most likely by electrostatic
interactions, whereas the TC-| C-terminus is much more flexible (chapter 2).This strongly
suggests that the negatively charged C-terminus of NAP-2 is involved in electrostatic

interactions with the positive patch and in that way interferes with antimicrobial activity.

CONTRIBUTION OF THE POSITIVE PATCH FOR ANTIMICROBIAL
ACTIVITY OFTC-I

To obtain experimental evidence for the contribution of the positive patch to antimicrobial
activity, we designed several TC-1| variants with a modified positive patch.WVe first substituted
residue K17, which occupies a central position within the positive patch,for an alanine residue
(chapter 3).This substitution substantially reduced the charge-density of the positive patch
and strongly reduced the antifungal activity . In contrast, this mutation only slightly affected
the activity of TC-| against bacteria (chapter 3).This indicates that the positive patch is
involved in antimicrobial activity, but that the requirements for this patch are more strict for
antifungal activity than for activity against bacteria. Enhancement of the size or charge-density
of the positive patch at specific positions substantially increased antibacterial activity, but did
not markedly affect antifungal activity (chapter 3).These differential effects on antibacterial
and antifungal activity strongly suggest that this patch interacts via different mechanisms
with bacteria and fungi. The possibility of distinct mechanisms of bactericidal and fungicidal
activity is supported by the fact that several other AMPs and antimicrobial chemokines also
have selective activity against either bacteria or (subclasses of) fungi (14-17). We have thus
demonstrated that the positive patch is important for antimicrobial activity of TC-I, and

knowledge of this positive patch allowed the design of TC-I variants with enhanced activity.

LINEARTC-DERIVED PEPTIDES HAVE ANTIMICROBIAL ACTIVITY

The TC-I positive patch is composed of different regions of the primary structure of TC-1,
which implies that a specific conformation of this molecule is required to form this patch.
Strikingly, linearized TC-I retains antimicrobial activity,an observation that was recently also
reported for another antimicrobial chemokine, CCL28 (18).We therefore assessed whether
linear TC-derived regions could exert antimicrobial activity. The C-terminal X-helical region
of many antimicrobial chemokines, including that of TC-1, has a net positive charge and an
amphipathic structure resembling that of AMPs. Peptides corresponding to the C-terminal
®-helical region of several chemokines indeed have antimicrobial activity (19;20),but peptides
derived from the similar region of TC-I had only minor antimicrobial activity (chapter 3
and Nguyen et al., 2009). However, peptides derived from the N-terminal region of TC-I

exerted potent antimicrobial activity (chapter 3).This region corresponds exactly to the
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positively charged elongated N-terminal segment of TC-1.In intact TC-1 this region is highly
constrained by two cysteine bonds, but in the linearized molecule this region might adopt
a structure similar to that of the isolated peptide. This N-terminal peptide region might
therefore be responsible for the antimicrobial activity of linearized TC-1, independent of the
formation of the positive patch.

The most potent peptide, L3, has a net positive charge of +3 and its activity was even
enhanced by further increasing its positive charge by lysine substitutions. These small, potent

antimicrobial peptides might be interesting candidates as leads for novel antimicrobial agents.

RENEWED INTEREST IN HONEY ASTOPICAL ANTIBACTERIAL AGENT
Honey has since long been renowned for its antibacterial and wound healing properties
(21;22). With the advent of antibiotics, clinical application of honey was abandoned in
modern Western medicine, but the increasing frequency of antibiotic resistance and the
emerging problem of treatment failure renewed interest in honey as an antimicrobial agent
(23-26). A large number of reports indicate that honey has therapeutic benefit in assisting
wound healing (27), but most of these reports concern clinical observations rather than
randomized studies. So far, efficacy of honey has only been convincingly demonstrated
for mild to moderate superficial and partial thickness burns, where honey appears more
effective than conventional treatment for reduction of microbial colonization and wound
healing (28;29). Major obstacles for the applicability of honey as antimicrobial agent are the
incomplete knowledge of the antimicrobial compounds present in honey and the lack of
honeys with standardized composition and antibacterial activity.

Revamil® and several Manuka-based honeys (e.g. Active Manuka®, Medihoney® and Activon®
Manuka honey) are approved for application in wound treatment.The honey used as a source
of Revamil® (referred to as RS honey in this thesis) is produced under standardized conditions
in greenhouses. In contrast, Manuka honey is collected from its natural environment, and
for production of medical-grade honey batches are screened for high antibacterial activity.
Despite this standardization of production process or of the antibacterial activity, knowledge
of the components contributing to the antibacterial activity of these medical-grade honeys
is still incomplete. We therefore assessed the bactericidal activity of RS and Manuka honey

in detail and aimed to characterize the bactericidal factors involved.

BACTERICIDAL FACTORS IN RS HONEY
We show that Revamil® honey has batch-to-batch reproducible activity, kills a broad

spectrum of microorganisms including antibiotic-resistant bacteria and effectively reduces
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microbial colonization of forearm skin of healthy human volunteers (chapter 5).To unravel
the factors involved in bactericidal activity of the Revamil® source (RS) honey, we used
an approach of selective neutralization of known factors combined with activity-guided
isolation of additional factors.

Sugar and H,O, are the best described antibacterial factors in honey. Their contribution
to the activity can be determined by comparing the activity of honey to that of a honey-
equivalent sugar, and by addition of catalase, respectively. Methylglyoxal (MGO) was recently
identified as an antibacterial compound in Manuka honey (30;3 1).We developed a method to
quantify and neutralize MGO in honey based on enzymatic conversion of MGO to the non-
antibacterial compound S-D-lactoylglutathione (chapter 6).H,O,- and MGO-neutralized RS
honey still had substantially more activity than a honey-equivalent sugar solution, indicating
that additional factors must be present (chapter 6).

We identified the antimicrobial peptide bee defensin-1 in honey and demonstrated that
this peptide was responsible for most of the remaining activity in RS honey (chapter 6).
Subsequent adjustment of the pH of RS honey from 3.3 to 7.0 abolished all remaining activity.
Thus, sugar, H,O,,MGO, bee defensin-1 and the low pH were responsible for the bactericidal
activity of RS honey. This is the first time that all factors contributing to the activity of a
potent bactericidal honey have been unraveled.

In previous studies conflicting results were obtained regarding the role of the low pH in
the antibacterial activity of honey. The reason for these inconsistencies may be that, as
demonstrated in chapter 6, the contribution of the low pH was only revealed when other
bactericidal factors were neutralized. We demonstrated that the low pH was required for
bactericidal activity of 40% RS honey against Bacillus subtilis when H,O,, MGO, bee defensin-|

were neutralized (chapter 6).

BACTERICIDAL FACTORS IN MANUKA HONEY

Manuka honey is well-known for its potent non-peroxide antibacterial activity (32). It was
recently shown that the concentration of MGO in batches of Manuka honey correlate with
the non-peroxide antibacterial activity, but the actual contribution of MGO, and potentially
other factors, remained unknown (30). To determine the contribution of MGO and
potential other factors to the activity of Manuka honey, we used our approach of successive
neutralization of honey bactericidal factors. Thus, we demonstrated that MGO is indeed a
major factor for activity of Manuka honey; this compound was responsible for most of the
activity of Manuka honey against Staphylococcus aureus and B. subtilis (chapter 7). However,
Manuka honey retained substantial activity against B. subtilis, Escherichia coli and Pseudomonas

aeruginosa after neutralization of MGO, which indicates that other factors are also involved
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(chapter 7).H,O, and bee defensin-1 did not contribute to the activity of Manuka honey, as
these compounds were entirely absent in Manuka honey (chapter 7).The low pH was partly
responsible for this residual activity, and the remaining activity is exerted by a combination
of both cationic and non-cationic factors, but their identity is as yet unknown (chapter 7).
Several phenolic and acidic compounds with antibacterial activity have previously been
isolated from Manuka honey, but the contribution of these compounds was questioned
since their activity was too low to account for the potent activity of this honey (22). At that
time, it was not known that the major activity in Manuka honey was exerted by MGO.Thus,

it is not unlikely that these compounds are involved in the residual activity of Manuka honey.

VARIATION IN BACTERICIDAL FACTORS IN DIFFERENT HONEYS

RS and Manuka honey contain completely different combinations of bactericidal factors;
whereas H O, and bee defensin-1 were major bactericidal factors in RS honey, MGO and
several as yet unknown factors were involved in Manuka’s bactericidal activity (chapter
7). As a result of these differences, RS and Manuka honey have highly distinct bactericidal
properties. RS honey effectively killed B. subtilis, E. coli and P. aeruginosa within 2 hours,
whereas Manuka honey lacked such potent activity. This rapid activity is mainly exerted by
bee defensin-1 and H,O,, which explains the lack of rapid bactericidal activity of Manuka
honey.When 24 hours of incubation was allowed, Manuka honey was more potent than RS
honey, most notably against MRSA and B. subtilis. This slower activity was mainly due to the
high concentration of MGO, which explains the more potent activity of Manuka compared
to RS honey.

Large variation in H,O, accumulation in honey has been described previously (33;34). Factors
known to affect H,O, accumulation are inactivation of the H,O,-producing enzyme glucose
oxidase by exposure to heat or light (35;36), or degradation of H,O, by catalase and H,O,-
scavenging compounds originating from nectar (37;38).

Bee defensin-1 contributed substantially to the bactericidal activity of RS honey, but we did
not detect this peptide in Manuka honey (chapter 7). Weston et al. also did not detect
antimicrobial peptides in Manuka honey (39), but others have reported the contribution of
proteinaceous compounds to the antibacterial activity of several honeys, including Manuka
honey (40;41). For the majority of these honeys, the reported activity spectrum strongly
resembled the spectrum that we observed for bee defensin-1, i.e. activity against Bacillus
but not against S. aureus (chapter 9). This suggests that also in these other honeys bee
defensin-1 may be the active compound. Obviously, this requires further characterization of
these unknown proteinaceous compounds.

Bee defensin-1, together with abaecin, apidaecin and hymenoptaecin, has been identified in
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honeybee hemolymph, the insect equivalent of blood, after experimental infection of bees
with E. coli (42). Each of these peptides had a different spectrum of antimicrobial activity, but
collectively they covered all important classes of microbial pathogens (42). Bee defensin-1,
but not the other honeybee AMPs, is also found in royal jelly (43), and levels of this peptide
vary strongly among different royal jelly samples (44). Since the hypopharyngeal gland is
involved in production of royal jelly and honey (by young worker bees and older foraging bees,
respectively), it is not unreasonable to assume that variation of bee defensin-| is related to
variation in hypopharyngeal gland expression. The defensin| gene is highly polymorphic and
contains several immune responsive elements including an NF-kB binding site (43).Variation
in bee defensin-1 expression might therefore be related to genetic variability of the defensin|
locus, as well as to conditions that result in upregulation of NF-kB.

As described above, MGO is present at exceptionally high levels in some Manuka honeys,
and only at very low or even undetectable levels in other honeys. MGO in Manuka honey
originates from the nectar of the Manuka tree (Leptospermum scoparium) (45). This nectar
contains high concentrations of dihydroxyacetone which is non-enzymatically converted to
MGO during ripening of honey (45).

The large variation in MGO content of Manuka honey is supposedly due to variation in
hydroxyacetone levels in the nectar of Manuka trees (45).The reason for this large variation
in dihydroxyacetone in nectar of different Manuka trees, and why nectar of other plants

contains so little of this compound, is still unknown.

ENHANCEMENT OF THE BACTERICIDAL ACTIVITY OF HONEY

Honey applied to wounds is diluted by wound exudate. Prophylactic application, which
demands activity for prolonged periods, therefore demands antibacterial activity up to a
high dilution, whereas treatment of infections requires rapid and preferably also sustained
bactericidal activity.

RS honey rapidly kills most bacteria tested, predominantly through the action of H,O, and
bee defensin- I, while Manuka kills slower, but retains activity up to higher dilution with MGO
as the main microbicidal factor (chapter 7). Manuka and Revamil® medical-grade honey
would therefore be best suited for prophylaxis and treatment of infections, respectively.
Despite the superior rapid activity of RS honey, this honey failed to rapidly kill the important
wound pathogens MRSA or ESBL E. coli (chapter 7). Therefore we aimed to improve this
rapid bactericidal activity.

It proved impossible to enrich RS honey with its endogenous bactericidal factors to enhance
its rapid bactericidal activity: potentially toxic concentrations of H,O, or MGO would

be required to kill MRSA within 2 hours, while bee defensin-I completely lacked rapid
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activity against MRSA (chapter 8). As opposed to the rather narrow spectrum of activity
of bee defensin-1, the activity of many AMPs is predominantly broad-spectrum. The rapid
bactericidal activity of RS honey was, however, not substantially enhanced by addition of 75
MM TC-1,TC-derived peptides (not shown) or LL-37 (chapter 8). RS honey enriched with
75 pM BP2 retained activity against MRSA up to 20-fold dilution and had a broader spectrum
of rapid activity than either BP2 or RS honey alone (chapter 8).This indicates that the rapid

bactericidal activity of honey can be enhanced by enrichment with selected AMPs like BP2.

CONCLUDING REMARKS

Antimicrobial peptides as well as honey are ‘ancient’ antimicrobials. We determined the
contribution of the positive patch to the antimicrobial activity of thrombocidin-I and
designed TC-1 variants with enhanced activity.We also identified linear TC-derived peptides
with potent microbicidal activity. Such short peptides are interesting compounds as leads for
novel antimicrobial agents.

Using an approach of successive neutralization, we identified all bactericidal factors in RS
honey, the source of Revamil® medical-grade honey. This is the first report in which the
bactericidal activity of a honey has been fully unravelled. We show that RS and Manuka
honey have highly distinct compositions of bactericidal factors, resulting in large differences
in bactericidal properties. RS honey had the most potent rapid activity, which was further
enhanced by enrichment with antimicrobial peptides. Such detailed knowledge of the
bactericidal activity allows rational selection of honeys, and design and development of
honey-based products tailored for specific applications to combat infections including those

caused by antibiotic-resistant bacteria.
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