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Summary and general discussion

Chapter 7



Introduction

The availability of successful anti-infective drugs has taken away much of the prior threat
of infectious diseases in society in the last century. Overconfidence in the
accomplishments of antibiotics ‘the miracle drugs’, however, has now been replaced by
apprehension, as antibiotic usage in the human and veterinary field has boomed out of
control and boomerangs back at us with the emergence of multi-drug resistant pathogens.
Bacteria have developed resistance to most of the existing drugs, making infections
difficult and sometimes even impossible to treat. A multi-facetted approach will be
needed to constrain the impact of antibiotic resistance on treatment options in infectious
diseases. Efforts should include proper education and appropriate antibiotic usage, to
both physicians and patients and applying strict infection control measures to prevent
transmission. Furthermore, alternatives to antibiotic usage in veterinary practice and
agriculture should be identified. In addition to all these measures, it is recognized that
there is an urgent need for research into and development of new anti-infective drugs as
the pharmaceutical pipeline of new types of antibiotics has dried up and new anti-
infective drugs will not become available for some time. Infectious diseases societies have
taken up these issues and advocate major investments in research and development of
new antibiotics. The development of new antimicrobial agents has mainly focused on
variants of current anti-infectives. A recognized disadvantage of this approach is the
experience that sooner or later, these new drugs suffer the same limitations as the
parental drugs, i.e., in the end emergence of multi-drug resistant pathogens. New long-
lasting anti-infective agents are yet to be successfully developed and therefore research
into alternative agents is essential (1). Antimicrobial peptides are naturally occurring
antimicrobial agents of all living beings and these peptides have been pointed out as

potential candidates for drug development (2-4).

In the past, research into these peptides has focused on their antimicrobial activity. Soon
it was recognized that some of these peptides, further referred to as host defense
peptides, have the potential to strengthen or modulate the hosts’” immune response
resulting in an enhanced resolution of infection (5,6). As host defense peptides act
indirectly, via the very broad armamentarium of the hosts’ immune systems, development
of drug-resistance against such peptides is unlikely. This makes host defense peptides a
promising alternative to current anti-infective agents. Among these peptides, one
interesting candidate comprises the first eleven amino acids of the N-terminus of human

lactoferrin therefore named hLF1-11. This peptide appears active against a variety of



(multi-drug resistant) pathogens (7-9). However, in vitro the antimicrobial activity of this
peptide is dependent on factors in its environment, such as salt concentration, e.g. the
peptide is highly active against pathogens in low (10 mM) salt concentrations, but hardly
active at physiological salt concentrations. Given the natural occurrence of lactoferrin and
its degradation product lactoferricin, we hypothesized that in addition to its direct
antimicrobial effects the hLF1-11 peptide displays immunomodulatory activities. Since the
time-span in the in vivo assays was usually set at 48 h maximum, we focused on possible
effects of hLF1-11 on cells of the innate immune system, more specifically on monocytes

and cells derived thereof such as macrophages and dendritic cells.

Effects of hLF1-11 on murine and human monocytes The antimicrobial activity of hLF1-11
was established in mice first. Therefore, we focused our attention on murine cells and first
compared the lipopolysaccharide (LPS)-induced cytokine production of hLF1-11-incubated
murine monocytes to that of control monocytes. The findings showed that hLF1-11
enhanced the production of IL-6, IL-10, IL-1B and RANTES by monocytes in response to the
immunoreactive component of the Gram-negative bacterial cell wall, LPS (chapter 2).
After thus establishing that hLF1-11 has the ability to modulate murine monocyte activity,
we next investigated the effect of hLF1-11 on human cells, for two reasons. First, we strive
to reduce the number of animal experiments if an alternative approach to the problem is
possible, e.g., human blood-derived cells. Secondly, since the ultimate goal would be to
assess the feasibility and the development of hLF1-11 as potential anti-infective in
humans, next we focused on the interaction of hLF1-11 with human immune cells. We
observed that hLF1-11 enhanced the production of almost all cytokines tested and of
various chemokines by monocytes in response to LPS (chapter 2). As the N-terminus of
lactoferrin is the major binding site in this molecule for a microbial structure like LPS and
lipid A (10), we next excluded the possibility that binding of hLF1-11 to LPS was
responsible for the enhanced cytokine production by hLF1-11-monocytes. In addition, we
found that in the absence of microbial stimuli hLF1-11 did not exert any action on
monocytes besides reducing the production of some of the chemokines released by these
cells. Taken together, these findings indicate that the actions of hLF1-11 are observed
mainly after exposure of the hLF1-11-incubated cells to a second stimulus. We next
established that the enhancement of the inflammatory response of monocytes by hLF1-11
was not limited to LPS and also included other microbial structures, like diphosphoryl lipid
A, flagellin and CL0O87. These microbial components are recognized by human monocytes

and macrophages through specific cell-surface receptors, collectively designated toll-like
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receptors (TLR), respectively TLR4, TLR5 and TLR7/8. Interestingly, hLF1-11 hardly affected
the inflammatory response of human monocytes upon stimulation with lipoteichoic acid
(LTA) or PAM2CSK4, both TLR2 ligands. This was confirmed by measuring downstream
activation of the transcription factor NF-kB and mRNA production in response to these
toll-like receptor ligands (chapter 2). Based on our observation that hLF1-11 inhibits
myeloperoxidase (MPO) (chapter 6) in human monocytes we can offer an explanation for
the lack of effect of hLF1-11 on TLR2-mediated activation of monocytes. In short,
activation of monocytes via the various toll-like receptors triggers an oxidative burst and
induces the release of cytokines/chemokines. However, TLR2 activation by LTA and
PAM2CSK4 induced a weak cytokine response by human monocytes (chapter 2). It is
hypothesized that the oxidative burst induced by TLR2 ligands is only weak and therefore
the role of myeloperoxidase may be small. In such cases, inhibition of myeloperoxidase by
hLF1-11 might not have enough consequences to result in differences on cytokine level.
Unfortunately it is not known at what level of the TLR-signal transduction route toward

cytokine production myeloperoxidase is involved.

Effects of hLF1-11 on monocytes are mediated by inhibition of myeloperoxidase activity
After establishing the effect of hLF1-11 on human monocytes, we were intrigued to
identify the target of hLF1-11 on/in monocytes that mediates these effects. We first
investigated whether hLF1-11 binds to monocytes. Results showed that hLF1-11 binds to
monocytes within minutes and that binding is followed by internalization within 60 min
after addition of the peptide. Next, we identified myeloperoxidase as the intracellular
binding target of hLF1-11 (chapter 6). In addition, we observed that hLF1-11 has the ability
to inhibit the enzymatic activity of myeloperoxidase. By use of ABAH, a specific inhibitor of
myeloperoxidase activity, we could establish that the inhibition of myeloperoxidase can
result in immunomodulating effects, e.g. altered cytokine production, that are comparable
to those induced by hLF1-11. The involvement of myeloperoxidase in signal transduction
routes leading to cytokine production has not been described previously. There are,
however, reports describing the involvement of reactive oxygen species in signal
transduction pathways leading to cytokine production. In these publications, enhanced
levels of reactive oxygen species (ROS) are necessary to induce cytokine production
(11,12). However, based on our data myeloperoxidase appears to be a negative regulator
of the production of some cytokines (e.g. IL-6 and IL-10) and chemokines; inhibition of
myeloperoxidase enhances the LPS-stimulated cytokine production by monocytes. Either,

myeloperoxidase shifts the balance of reactive oxygen species into products less active in
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intracellular signaling. Or, MPO is - independently of its ROS-producing activities - involved
in a different signaling pathway that leads to cytokine production. Clearly the intracellular
pathway involving myeloperoxidase needs to be further deciphered. Interestingly, there
are a few diseases involving myeloperoxidase that seem to already hint to its participation
in cytokine production and other immune activities. For instance, Wegener’s
granulomatosis disease comprises the production of anti-neutrophil cytoplasmic
autoantibodies (ANCA) with specificity for myeloperoxidase. It has been shown that ANCA
enhance phagocytosis, IL-8 production and glucose uptake by neutrophils (13). Also,
human monocytes that were incubated with IgG from patients with ANCA-positive, active
Wegener’s granulomatosis, displayed enhanced expression of CD14 and CD18 on their
cell-surface (14).

To establish which amino acids are essential for inhibition of myeloperoxidase enzyme
activity we investigated the enzymatic activity of myeloperoxidase in the presence of a set
of alanine-substituted hLF1-11 peptides, i.e. peptides that had one (different) amino acid
replaced by an alanine. We thus established that the cysteine in the sequence of hLF1-11
is essential for the inhibition of myeloperoxidase activity. Consistent with this notion, the
same amino acid was found to be important for enhanced IL-10 induction by hLF1-11-
incubated human monocytes in response to LPS (chapter 6). As arginine-rich peptides
easily penetrate cellular membranes (15-17), we suggest that the four arginines in hLF1-11
are necessary for cell penetration. Thus, hLF1-11 has two important regions: the arginine-
rich penetration site and the cysteine that is responsible for the inhibition of
myeloperoxidase activity. The results from this study can be used to facilitate the design

of antimicrobial peptides with the optimal qualities for inhibition of myeloperoxidase.

Modulation of the differentiation of monocytes toward macrophages and dendritic cells
by hLF1-11

After thus establishing an action of hLF1-11 on monocytes, we next hypothesized how this
would affect the differentiation of monocytes into macrophages or dendritic cells. These
antigen-presenting cells play a major role in the linking of the innate to the adaptive
components of the immune system. We studied whether monocytes that differentiated in
the presence of hLF1-11 in vitro displayed a different phenotype and if so, whether such
an altered phenotype would be potentially beneficial to help clear infection. Results
revealed effects of hLF1-11 on GM-CSF-driven macrophages differentiation but not on M-
CSF-driven macrophage differentiation (chapter 3). Of interest, GM-CSF was previously

reported to be involved in the regulation and enhancement of myeloperoxidase activity in
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monocytes and macrophages, while M-CSF was not (18). In view of the above described
interaction of hLF1-11 with myeloperoxidase, this might help to explain why the action of
hLF1-11 was limited to GM-CSF driven macrophages. Moreover, the presence of hLF1-11
during GM-CSF-driven monocyte-macrophage differentiation resulted in macrophages
that displayed enhanced IL-10 production in response to several microbial stimuli and
were more responsive toward these microbial stimuli than unstimulated control cells.
Also, expression of pathogen recognition receptors like Dectin-1, the mannose receptor
and others by hLF1-11-differentiated macrophages as well as the phagocytosis of both C.
albicans and S. aureus by these cells were enhanced as compared to control cells.
Strikingly, when we incubated monocytes for 60 min with hLF1-11, washed the peptide
away and then induced differentiation toward macrophages for 7 days, these
macrophages had a similar phenotype as macrophages that differentiated in the
continuous presence of hLF1-11 (chapter 3). Taken together, these findings indicate that
hLF1-11 can prime monocytes in such a manner that upon encountering microbial
components, these cells differentiate into macrophages with a phenotype that appears to
be beneficial for resolution of infection (19).

As hLF1-11 was able to prime these monocytes, we also investigated the effect of this
peptide on monocyte-dendritic cell (DC) differentiation. Matured hLF1-11-differentiated
dendritic cells displayed enhanced production of IL-10 in response to heat-killed C.
albicans. In addition, IL-6 production by these cells was enhanced in response to this
yeast. These dendritic cells also displayed enhanced expression of Dectin-1, and
phagocytosis of C. albicans and ROS production in response to C. albicans was also
elevated (chapter 4). It was noted that hLF1-11-macrophages displayed enhanced
activities to several pathogens, while for hLF1-11-dendritic cells this change was restricted
to C. albicans. What could be the explanation for this difference? At present, this is not
clear. One possible explanation touched upon above could be that GM-CSF is involved in
regulation and enhancement of myeloperoxidase during monocyte-macrophage
differentiation (18). Roy et al reported that monocytes incubated with GM-CSF and IL-4 or
with IL-4 alone, display diminished myeloperoxidase expression as compared to freshly
isolated monocytes (20). As dendritic cells are obtained in vitro by incubation of
monocytes with both GM-CSF and IL-4, it could be that IL-4 diminished the
myeloperoxidase enhancement, thus preventing some of the actions of hLF1-11. Some
properties of hLF1-11-differentiated dendritic cells and macrophages might therefore be

overlapping between these cell types while others are not.
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Differential effects of hLF1-11 and LL-37 on the differentiation of monocytes toward
macrophages and dendritic cells

When studying the effects of hLF1-11 on monocyte-macrophage differentiation, we
considered the possibility that another antimicrobial peptide i.e. LL-37, similarly affects
monocyte-macrophage differentiation. LL-37 also modulates monocyte-macrophage
differentiation, although incubation of the cells with this peptide resulted in a completely
different macrophage subset as obtained after differentiation in the presence of hLF1-11.
While hLF1-11 modulates GM-CSF-driven monocyte-macrophage differentiation, LL-37
modulates M-CSF-driven monocyte-macrophage differentiation resulting in macrophages
that displayed striking similarities to the GM-CSF-macrophages (chapter 4). As M-CSF-
macrophages display an anti-inflammatory phenotype and GM-CSF-macrophages display a
proinflammatory phenotype, LL-37 is thus able to completely redirect the phenotype of
M-CSF-differentiated macrophages toward a proinflammatory phenotype. LL-37 is able to
induce these effects during differentiation and also upon incubation with already
differentiated macrophages.

Investigations on dendritic cell differentiation revealed that in addition to enhanced
antimicrobial activities against C. albicans, hLF1-11-differentiated dendritic cells were able
to induce Th17 polarization upon co-culture with CD4+ T cells (chapter 5). T cells co-
cultured with hLF1-11-differentiated dendritic cells produced enhanced levels of IL-17 and
diminished Thl polarization as indicated by reduced levels of IFN-y. IL-17 is associated
with an enhanced anti-fungal and anti-bacterial response (21,22). In addition, IL-17 is
involved in the host defense against extracellular pathogens by mediating the recruitment
of neutrophils and macrophages to the infected site. Also, IL-17 can induce the production
of cytokines/chemokines and antimicrobial peptides by mucosal epithelial cells (23).
Others have reported that LL-37 and B-defensins (24) can also modulate monocyte
differentiation toward dendritic cells. For example, when CD4+ T cells were co-cultured
with LL-37-differentiated dendritic cells these T cells produced enhanced levels of IFN-y,
thereby inducing Th1l polarization (25). Thl cells drive the protective immune response
against intracellular pathogens such as Mycobacterium tuberculosis. These data indicate
that antimicrobial peptides can modulate immune processes, thereby ‘fine tuning’ the
immune response upon activation. This suggests a possible therapeutic opportunity for
employment of antimicrobial peptides, i.e., to (re)direct immune responses to enhance
resolution of infection. Figure 1 has depicted the effects that are described in this thesis of

hLF1-11 on human immune cells.
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Fig. 1 Simplified representation of the effects of hLF1-11 on the major characteristics of monocytes and
monocyte-derived cells in vitro When monocytes are incubated with hLF1-11, this peptide is internalized where
it binds to and inactivates the enzymatic activities of myeloperoxidase. The hLF1-11-incubated monocytes
produce upon activation reduced levels of reactive oxygen species and enhanced levels of cytokines and
chemokines as compared to control monocytes. Monocytes differentiated in the presence of both GM-CSF and
hLF1-11 become macrophages that display enhanced pathogen recognition receptor expression and
phagocytosis and killing of S. aureus and C. albicans as compared to control (peptide-differentiated)
macrophages. In addition, in response LPS, LTA and heat-killed C. albicans these macrophages produce enhanced
levels of IL-10 as compared to control macrophages. Monocytes differentiated in the presence of GM-CSF, IL-4

and hLF1-11, become immature dendritic cells that display enhanced expression of Dectin-1 and enhanced»
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» phagocytosis of C. albicans. These hLF1-11-differentiated dendritic cells also produce enhanced levels of
reactive oxygen species in response to this pathogen as compared to control (peptide-differentiated) immature
dendritic cells. Moreover, upon maturation hLF1-11-differentiated dendritic cells produce enhanced levels of IL-
10 and are able to induce Th17 polarization upon co-culture with CD4+ T cells. These T cells produce enhanced
amounts of IL-17 and reduced levels of IFN-y. Represented in green: enhancement, red: reduction, black:

untested.

Future research

The research laid down in this thesis concerns in vitro experiments only. It should be
realized that this is an important limitation because extrapolation of the present findings
to the in vivo situation clearly is not possible without further studies. Thus, future research
in animal models should shed further light on the contribution of the immunomodulatory
effect of hLF1-11 to its antimicrobial effects previously described in vitro. For instance,
experiments in myeloperoxidase knock-out mice could be instrumental in investigating
whether myeloperoxidase is the main intracellular target mediating the actions of hLF1-11
in monocytes and monocyte-macrophage differentiation. In addition, cytokine and
chemokine responses could be measured in the blood of these mice. An alternative
approach would be to assess that action of hLF1-11 on monocytes of individuals with
myeloperoxidase-deficiency or monocytes in which myeloperoxidase is silenced. Recently,
it has been reported that enhanced levels of IL-10 were present in infected mice that were
treated with hLF1-11 (7). Moreover, based on our in vitro findings, it is expected that in
mice that are depleted of monocytes the anti-infective activity of hLF1-11 is reduced (26).
In addition, a longer in vivo infection set-up could be instrumental in investigating the
subsequent involvement of components of the adaptive immune system that hLF1-11 is
known to modulate in vitro. Again, it should be realized that our experiments mainly
concerned human blood-derived mononuclear cells, and findings may not necessarily be
identical in the murine model.

As safety of hLF1-11 in humans has been established (27), the goal of the studies in
patients should be to obtain proof of principle for the usefulness of hLF1-11 as an anti-
infective agent in a human patient population. Besides experiments that would further
elucidate the mechanism of action of hLF1-11, one could also research the involvement of
myeloperoxidase in signal transduction routes that lead to cytokine production. Currently,
it is not known whether these effects are mediated through the reactive oxygen species
production route or that myeloperoxidase displays an additional mechanism of action by

being a component of another signaling pathway.
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Therapeutical applications

As a future perspective, we suggest that antimicrobial/host defense peptides like hLF1-11
and LL-37 might prove useful in several distinct therapeutic applications. Obviously such
applications are at the end of a long road of development still to come, and some general
comments and thoughts on possible applications should suffice here. First, LL-37, as well
as hLF1-11, could act as a single anti-infective agent; either to prevent infection when
used in a prophylactic approach or to treat infection. As LL-37 and hLF1-11 displayed
differential effects on the immune system (chapters 3-5), several infectious diseases might
be treated with different antimicrobial/host defense peptides. For example,
transplantation recipients are susceptible for infections and need an alternative when
current antibiotics can no longer perform adequately. hLF1-11 could be involved in an
alternative treatment for these infections. Host defense peptides like LL-37 and hLF1-11
can also be applied locally, for example like Stallmann et al. have shown (28). They used
hLF1-11 as a prophylactic agent in treatment of osteomyelitis (29-31). hLF1-11 in cement
was injected into the femoral canal of rabbits earlier infected with MRSA. The continuous
release of the peptide by the cement significantly reduced the bacterial load as compared
to the control group. In over 75% of the hLF1-11 treated rabbits no growth at all of
bacteria was detected (32). Also, hLF1-11 could be used in combination with conventional
antibiotics making use of a synergistic antimicrobial activity. Lupetti et al showed in vitro
that hLF1-11 at non-candidacidal concentrations exerted synergistical effects with
fluconazole, results showed this combination to be highly effective against fluconazole-
resistant C. albicans (33). hLF1-11 was necessary to initiate this effect as the observed
synergistic effect was only induced when C. albicans were pre-incubated with (non-
candidacidal concentrations of) hLF1-11 followed by exposure to fluconazole in
comparison to no killing effect when the experiment was performed in the opposite order.
Second, an alternative approach would be to focus on ways to induce endogenous
antimicrobial peptide synthesis, thereby modulating the host response, and such an
approach could be employed to treat infections of any kind (34). This could also be
induced locally resulting in specific targeting of the infection. For instance, experiments
with butyrate -an inducer of endogenous LL-37 synthesis- have shown that it promoted
elimination of Shigella (35). Moreover, it is known that vitamin D metabolites regulate the
expression of LL-37. Vitamin D insufficiency is common still in both industrialized and
developing nations (36). Recent studies have shown that vitamin D insufficiency is
associated with a somewhat higher risk of active tuberculosis (37-39). Of note, LL-37

shows activity against M. tuberculosis and therefore induction of LL-37 transcription by
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vitamin D could possibly be helpful by treatment of mycobacterial infections (40-42).
Obviously, the safety and consequences of administration of butyrate and vitamin D
should be further investigated before application in humans (34). Moreover, additional
compounds that induce endogenous production of antimicrobial/host defense peptides
need to be identified, but these preliminary results already seem to indicate the potency
of this application. Third, as hLF1-11 is a potent inhibitor of myeloperoxidase one can
think of applications of hLF1-11 as an agent for diseases in which myeloperoxidase plays
an unfavourable role. Myeloperoxidase has emerged as a potential participant in the
promotion and/or propagation of atherosclerosis (43). Liu et al showed that pre-
treatment of rabbits that were subjected to myocardial ischaemia and reperfusion with
ABAH significantly reduced cardiac caspase-3 activity, providing direct evidence that
myeloperoxidase is a significant contributor to post-ischaemic cardiomyocyte apoptosis
(44). These results can have implications as they suggest therapeutic interventions, for
example hLF1-11 may (in part) exert cardioprotective effects by inhibition of
myeloperoxidase. Lastly, antimicrobial/host defense peptides have been mentioned as
potent components of vaccine formulations (5,45). The presence of these peptides could
(re)direct the development of antigen presentating cells toward a type driving a favorable

immune response to the presented antigen.

Conclusion

In conclusion, the future of antimicrobial peptides with immune modulating activity
appears bright as these peptides might be developed further into a novel class of anti-
infectives to which microbial drug-resistance is unlikely to develop quickly. Obviously,
research on antimicrobial/host defense peptides (including hLF1-11) has to be extended
before these peptides can be safely introduced in medical practice. It is encouraging to see
that the safety of hLF1-11 has not been a concern in clinical trial phase | and Ila. Together,
our findings strongly support the notion that the therapeutic potential of hLF1-11 and

other small host defense peptides should be investigated further.
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