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Summary and general discussion



Chapter 7

1. Summary

Bacterial infections are becoming harder to treat with current antibiotics, due to
antimicrobial resistance [1, 2]. In addition, treatment of chronic bacterial infections
is further hampered by biofilm-formation and development of persister cells [1-
4]. Simultaneously, the advancement of novel antibiotics or antibiotic classes has
declined [1, 5]. These developments illustrate the urgent need for novel antibacterial
agents. Antimicrobial peptides (AMPs) may fulfill this role. AMPs are relatively short
(10-60 amino acids), often cationic, peptides and are part of the defense mechanism
against bacteria in a broad range of organisms [6, 7]. Importantly, most AMPs have
a distinct mechanism of action compared to current antibiotics and are capable of
quickly killing a broad range of bacteria via destabilization and perforation of the
bacterial plasma membrane [8]. Therefore, the risk of resistance development by
bacteria in response to AMPs is relatively low [9]. However, to become suitable
for clinical application, AMPs require optimization due to limitations regarding their
cationic peptidic nature, i.e. limited selectivity index as a result of cytotoxicity towards
mammalian cells, short half-life, limited stability and bioavailability, and low tissue
penetration [10-12]. This thesis describes three strategies for optimization of our
lead AMP SAAP-148 to combat bacterial infections: i) chemical lead-optimization, ii)
combination therapy with other antimicrobial agents and iii) innovative AMP delivery
systems. The latter strategy was also applied to another promising AMP, the snake
cathelicidin Ab-Cath. A comprehensive introduction to this thesis is described in
chapter 1.

The objectives of this thesis were:

1. To evaluate a library of synthetic variants of SAAP-148 for their in vitro
antibacterial, immunomodulatory and cytotoxic activities.

2. To investigate the potential of SAAP-148 when used in combination with the
novel antibiotic halicin.

3. Toreview the literature on lipid and polymeric AMP delivery systems and coatings
and to explore candidate formulations to treat bacterial skin wound infections.

4. To develop hyaluronic acid-based nanogels incorporating SAAP-148 or snake
cathelicidin Ab-Cath to improve their selectivity indices for cutaneous application
on infected skin wounds.

The main findings of this thesis contribute to the development of AMPs as
therapeutics to combat bacterial infections. Firstly, chapter 2 described the chemical
lead-optimization of SAAP-148 by chemical conjugation to short polyethylene
glycol (PEG) groups of various lengths. It was shown that C-terminal PEGylation
of SAAP-148 was most favorable for improving SAAP-148’s selectivity index, by
maintaining antimicrobial activities to AMR S. aureus and E. coli and simultaneously
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reducing cytotoxicity to human erythrocytes. Importantly, C-terminal PEGylation
enhanced the pro-inflammatory immunomodulatory activities of SAAP-148 towards
cells involved in innate immunity, i.e. neutrophils, macrophages and dendritic cells,
with SAAP-148-PEG,, being most effective. In addition, it was found that the length
of the PEG group, the conjugation position and the sequence of the peptide all
contributed to the enhanced activities. Secondly, chapter 3 compared the activities
of SAAP-148 and novel antibiotic halicin when used alone or in combination. It
was shown that combinations of SAAP-148 and halicin act synergistically against
planktonic bacteria of specific AMR S. aureus and E. coli strains. Most importantly,
these favorable interactions were confirmed in an S. aureus biofiim model on
silicone disks that mimic synthetic materials, such as intravenous or urinary tract
catheters, and in clinically relevant 3D models for S. aureus skin wound infections
and E. coli bladder infections. Thirdly, recent literature on formulation of AMPs in lipid
and polymeric drug delivery systems (DDSs) and coatings for the prevention and
treatment of bacterial infections was reviewed in chapter 4. This chapter described
promising in vitro and a limited amount of in vivo results for nano-sized DDSs and
coatings that assist delivery of AMPs intracellularly and into bacterial biofilms. Based
on the information available, we provided an overview of the requirements and
recommended DDSs for major hard-to-treat bacterial infections. In addition, major
challenges were pinpointed that have to be overcome for successful implementation
of AMP DDSs and coatings in the clinic. Fourthly, development of a DDS composed
of hyaluronic acid-based nanogels incorporating snake cathelicidin Ab-Cath for
cutaneous application was described in chapter 5. It was shown that these nanogels
allow for efficient encapsulation of Ab-Cath, harboring excellent physicochemical and
functional properties. Importantly, a successful lyophilization method was developed
that allowed long term storage and concentration of the AMP DDS. Furthermore,
the lyophilized and redispersed Ab-Cath-loaded nanogels improved the peptide’s
selectivity index by maintaining antimicrobial activities against AMR S. aureus,
A. baumanniiand E. coli and reducing cytotoxic activities against human primary skin
fibroblasts. Finally, the same DDS and lyophilization strategy was used to develop
SAAP-148-loaded nanogels, which is described in chapter 6. Likewise, lyophilized
and redispersed SAAP-148-loaded nanogels improved the peptide’s selectivity index
by maintaining antimicrobial activities against AMR S. aureus and A. baumannii
and reducing cytotoxic activities against human erythrocytes, human primary skin
fibroblasts and Ker-CT keratinocytes. Importantly, this improved selectivity was
confirmed in a clinically relevant 3D human epidermal model colonized with AMR
S. aureus or A. baummannii. Below, the findings of this thesis are placed in a broader
perspective with added recommendations and future perspectives to promote AMP
development and to introduce AMPs to the clinic as soon as possible.
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Chapter 7

2. General design of screening methods for novel antibacterial agents

2.1. Antimicrobial resistance development, anti-biofilm and anti-persister
activities and PK/PD properties as main parameters for antibiotic drug
discovery

Based on the above mentioned major threats for effective treatment of bacterial
infections, itis of mostimportance to develop novel antibiotics and/or other alternatives
that do not quickly induce resistance and that are effective against biofilm-residing
bacteria and persister cells. Currently, lead optimization of hits from high-throughput
screenings do not always take these parameters into account, but focus mainly on
effects towards planktonic bacteria, i.e. minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) testing [13, 14]. However, given
the importance of these parameters we propose to include standardized screening
assays for antimicrobial resistance development, anti-biofilm activity, and ability to
eradicate persister cells in a second phase of antibiotic lead optimization (Figure 1).
Moreover, preclinical assessment of antibiotic leads using pharmacokinetic and
pharmacodynamic (PK/PD) studies has proven critical to determine the optimal
dosing for subsequent animal and clinical studies [13, 15, 16]. Pharmacokinetics
describe the distribution of antimicrobial agent concentration over time, while
pharmacodynamics define the relationship between these concentrations and the
overall antimicrobial activity of the agent. Such studies thus provide information on
peak concentrations reached in the blood stream after administration, time range
in which the MIC is reached, tissue distribution and clearance period of the agent,
thereby improving success rates and accelerating antibiotic drug discovery [15, 16].
Given the importance of PK/PD characteristics in the success rate of antimicrobial
agents, it should be considered to include PK/PD screening in an earlier stage
of antibiotic drug development (Figure 1). Nevertheless, such studies are very
expensive and with the limited funding available for antibiotic drug discovery, this
would require innovations in financial support of antibiotic drug discovery programs
that go beyond the push and pull strategies currently in place [17].

2.2. In vitro assays predictive for in vivo activities of AMPs should include 3D
human infection models and biological fluids

From an ethical point of view, it would be preferred to use in vitro assays over in
vivo models to determine the activities of novel antimicrobial agents as SAAP-148
or Ab-Cath. Concurrently, these assays should predict for in vivo activities of these
agents. Taking cytotoxicity as an example, we observed in chapters 3, 5 and 6
that cytotoxicity of SAAP-148 and Ab-Cath was most prominent towards human
erythrocytes, followed by monolayers of cells, while 3D human epidermal models and
3D human urothelial models were proven to be much more resistant to the cytotoxic
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activities of these AMPs. Additionally, cutaneous application of SAAP-148 has
previously proven to be safe in an animal model [18]. Together, these data describe
the correlation between cytotoxicity of the AMP and complexity of the cell model, with
single cells being much more prone to cytotoxicity, while complex 3D models and ex
vivo or in vivo skin are much more resistant. Similarly, Greco et al. reported reduced
cytotoxicity of AMPs to monolayers of cells compared to human erythrocytes, and
importantly reported that the in vitro cytotoxicity was not observed in their in vivo
model [19]. Therefore, we believe that cell suspensions and monolayers are very

The antibiotic drug discovery pipeline

Phase Costs

Screening for antimicrobial agents

O @ « High-troughput screening of libraries containing natural and
° synthetic compounds
/ @ « Efficacy screening, i.e. MIC and MBC testing
¢ Cytotoxicity screening

Recommendations
¢ Inclusion of clinically relevant conditions, like plasma and urine

Antibiotic lead optimization

( N * In vitro efficacy studies, i.e. multiple bacterial strains
L  [n vitro cytotoxicity testing, i.e. various cell types

Recommendations
 Introduction of a secondary testing phase screening for:
o In vitro antimicrobial resistance development
o In vitro antibiofilm and antipersister activities

Preclinical assessment

/ @ « Proof-of-concept ex vivo
Sl P « Disease efficacy in vivo
o ¢ Compound pharmacology using PK/PD studies
P | e Early safety and toxicity studies in vivo

Recommendations
¢ Proof-of-concept using 3D models or organoids
¢ Inclusion of PK/PD studies in an earlier phase of antibiotic
drug discovery

-~ Clinical Trials

TN - N AT
N ) ¢ Phasel, Il lll and IV clinical trials
¢ Dosage and safety monitoring
y Recommendations
r ¢ The use of non-inferiority trials for approval of novel
\ '\L antimicrobial agents

Figure 1. The antibiotic drug discovery pipeline. An overview of the four phases of antibiotic drug
discovery, including recommendations made to improve discovery of antibiotic leads for successful
implementation in the clinic. These four phases are important for final approval by authorities.
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Chapter 7

useful for quick cytotoxicity screening of a library of novel antibacterial agents, but
that the cytotoxic concentrations found in these screenings do not accurately predict
for in vivo toxicity. Although 3D human epidermal models have been reported to be
more permeable compared to human skin [20], they do resemble the human skin in
many ways [21]. Based on our data in chapters 3, 5 and 6, we propose to include
such 3D models and/or organoids during preclinical assessment (Figure 1), asitis a
more realistic predictor of in vivo cytotoxicity compared to using cell suspensions or
monolayers and could serve as a proof-of-concept before moving to in vivo studies. A
similar correlation can be described for the antimicrobial activities of SAAP-148 and
Ab-Cath when moving from in vitro to ex vivo and ultimately to in vivo. In chapter 3,
5 and 6 we observed that planktonic bacteria were most easily eradicated by these
AMPs, followed by planktonic bacteria colonizing 3D models, and finally biofilm-
residing bacteria. Furthermore, Dijksteel et al. and de Breij et al. demonstrated
that ex vivo and in vivo bacterial infections were much more resistant to SAAP-148
treatment, requiring high SAAP-148 concentrations [18, 22]. Moreover, standard
in vitro screening assays are often performed in biologically irrelevant conditions.
Nevertheless, it is known that antimicrobial activities and also cytotoxic activities of
AMPs are reduced in presence of biological fluids like human plasma, urine, eschar
extract or proteolytic enzymes [18, 22-28]. The reduced antimicrobial and cytotoxic
activities of SAAP-148 in presence of human plasma and urine compared to saline
solution were also reported in chapters 3 and 6. Depending on the clinical application,
inclusion of biological fluids and host cells in standardized testing conditions allows
to mimic the clinical infection more closely.

2.3. The use of non-inferiority trials for approval of novel antimicrobial agents
in an age of AMR

For novel antibiotics or alternatives to reach the clinic, their effectivity has to be
confirmed in clinical superiority or non-inferiority trials [29]. Superiority trials are
designed such that the antimicrobial agent should be more effective than the
standard of care treatment. Surotomycin, pexiganan and omiganan are examples
of AMPs that failed to show superiority over conventional antibiotics, but could be
promising alternatives due to an improved safety profile or reduced ability to induce
bacterial resistance [30, 31]. However, to prove the superior effect of such AMPs
in a clinical trial would require the inclusion of patients with bacterial infections
resistant to the standard of care treatment [32], which would be extremely costly.
Alternatively, the clinical trial would require the comparison to a control antibiotic that
is predicted to be ineffective as a consequence of AMR development, which is highly
unethical, especially when there is high risk of morbidity or mortality [29]. With the
global rise of AMR, it would therefore benefit public health care if noninferiority trials
are included with the aim to approve novel antimicrobial agents that are as good
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as standard of care antibiotics but have added benefits, such as low risk of AMR
development (Figure 1). It should be noted that noninferiority trials are associated
with a low risk of approval of consistently less effective antibiotics, but this risk can
be further mitigated by including antibiotics with the best-estimated treatment effect
as comparator [33-35].

3. Critical factors in chemical lead optimization of AMPs

3.1. Optimization of AMP characteristics is critical for their success in the clinic
In general, AMPs have promising antimicrobial activities, but often suffer from a
limited selectivity towards bacteria over mammalian cells as they can be rather
cytotoxic [10, 30, 36]. The main focus of AMP lead optimization should therefore
be the reduction of cytotoxicity while maintaining antimicrobial activity. At the same
time, stability of the AMP is an important characteristic [10, 30, 36], such that the
promising in vitro activities of the AMP are maintained in in vivo models. Multiple
chemical modifications have been researched to improve these characteristics of
AMPs, including C- and N-terminal end-capping, incorporation of D-amino acids,
using retro-inverse structures, changing the length and/or amino acid sequence or
conjugation to other molecules [37-42]. Another big hurdle in AMP drug development
are the costs related to production of the AMP [10, 30, 36]. Therefore, it is important
to focus on truncated and/or short AMP leads, which have increased chances of
being used in the clinic. Based on these criteria and the findings in chapter 2 of this
thesis, we would recommend to focus on short AMP leads during AMP development
and improve upon their characteristics by C- and N-terminal end-capping to enhance
stability and by PEGylation with a short PEG chain to reduce cytotoxicity of the AMP
lead.

3.2. Inmunomodulatory activities of AMPs as additional mechanism to reduce
AMR development

Initially, AMPs were recognized for their direct antimicrobial activities, while some
of these peptides also have shown to exhibit immunomodulatory properties, hence
their alternative name host defense peptides (HDPs) [43, 44]. This dual activity
defines AMPs or HDPs as truly interesting peptides that can eradicate bacteria by
their direct activities and/or by their indirect host-directed mechanisms modulating
immune cells involved in both innate and adaptive immunity [44-46]. Host-directed
therapy for treatment of bacterial infections provides an alternative approach that
is i) effective against AMR bacteria, ii) less likely to induce bacterial resistance and
i) has potential to be synergistic or additive to alternative therapies [47]. We have
demonstrated in chapter 2 that PEGylation of SAAP-148 strengthened the intrinsic
immunomodulatory properties of this AMP, without affecting its direct antimicrobial
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activities. More specifically, PEGylated SAAP-148 was able to skew an anti-
inflammatory immune landscape to a pro-inflammatory environment. Such a shift
is important to eradicate bacteria that persist as a result of suppressed immune
responses, but could also be of importance in context of tumors that locally polarize
macrophages to an anti-inflammatory subset to evade the immune system [48,
49]. Therefore, PEGylated AMPs hold promise as dual acting therapy to combat
bacterial infections and as novel strategy to initiate tumor regression via redirection
of inadequate anti-inflammatory immune responses in the tumor microenvironment.

4. The importance of using AMPs in combination with other therapeutic agents

4.1. Improved activity through additive or synergistic AMP-antibiotic
combinations

The therapeutic potential of an AMP lead, especially when it has a mode of action
different from current antibiotics, could increase when combined with an antibiotic.
Synergistic AMP-antibiotic combinations achieve the same antimicrobial activity
at a lower AMP concentration, so this approach requires a lower individual drug
dosage and thus is a more safe approach [50]. Moreover, synergistic AMP-antibiotic
combinations are less likely to induce AMR [51, 52]. The idea of combination therapy
is not new and has been exploited for several other infectious diseases over the
past decade, including tuberculosis [53, 54]. Initially, tuberculosis patients were
treated with streptomycin alone, but treatment was extended with an additional drug,
para-aminosalicylic acid, to overcome antimicrobial resistance due to resistance
to streptomycin monotherapy, and nowadays, a four-drug regimen is employed
for treatment of tuberculosis [55]. Considering that combination therapies usually
build upon the standard of care treatment, it would be important to screen novel
antimicrobial agents for synergistic effects with antibiotics currently used in the clinic,
which include fluorquinolones, macrolides, tetracyclines and beta-lactams among
others [56]. Previously, synergy has been described for SAAP-148 when used in
combination with the classical antibiotics teicoplanin [57] and demeclocycline
[58]. Moreover, synergy was described for SAAP-148 in combination with the
novel antibiotic halicin in chapter 3 of this thesis. This study confirms the benefits
of using the SAAP-148-halicin combination, as lower, non-cytotoxic SAAP-148
concentrations could be used to reach the same antimicrobial activities. Importantly,
this study proved that the favorable interactions between SAAP-148 and halicin were
also observed in 3D models that mimic the urothelial tract and the skin epidermis,
indicating that synergistic effects observed in vitro do hold in 3D models mimicking
clinical bacterial infections.
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Biofilm subpopulations
Antibiotic-susceptible cells (green zone)
Antibiotic-tolerant cells (orange zone)
Persister cells (red zone)
EPS-producing cells (throughout)

Biofilm resistance mechanisms

Multiple species involved

Incubator for gene exchange

Interplay between subpopulations

Multiple microenvironments

Limited diffusion by antibiotics or host cells

—y%><—__| Antibiofilm targets
°d A4 e Quorum sensing processes
sy Extracellular polymeric substances (EPS)

EPS synthesis, EPS adhesins or lectins

Conjugation-associated targets
Bacterial metabolism
Bacterial cell membrane

Figure 2. Biofilm subpopulations, resistance mechanisms and antibiofilm targets. Schematic
overview of the different subpopulations of the bacterial biofilm. EPS-producing cells are found throughout
the biofilm, while antibiotic-susceptible cells, antibiotic-tolerant cells and persisters are observed moving
from the outer surface to the inside of the biofilm. The resistance of bacterial biofiims to antibiotics
depends partly on the presence of these subpopulations, but also involves other mechanisms, such
as multi-species company, exchange of genes and production of extracellular polymeric substances.
Therefore, bacterial biofilms can be targeted by inhibiting multiple processes, like quorum sensing, EPS
synthesis or bacterial conjugation. Figure is based on Bisht and Wakeman [59].

4.2. Synergetic AMP combinations to eradicate bacterial biofilms

Bacterial biofilms are present in approximately 80% of chronic and recurrent bacterial
infections [4], therefore it is of most importance to develop an effective antibiofilm
therapy. The biofilm comprises multiple subpopulations, including antibiotic-
susceptible cells, antibiotic-tolerant cells, persister cells and EPS producing cells
[59], that all contribute to resistance of the biofilm against therapy (Figure 2). AMP-
antibiotic combinations have been shown to synergize against bacterial biofilms [57,
60], as was also demonstrated in chapter 3 of this thesis for SAAP-148 and halicin. To
further enhance the antibiofilm activities of AMPs, these peptides could be combined
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with other agents that target bacterial biofilms, such as anti-quorum sensing agents,
matrix degrading enzymes and bacterial conjugation inhibitors (Figure 2). The
process of quorum sensing, i.e. the ability of bacteria to communicate and regulate
gene expression via signaling molecules, plays a vital role in biofilm development
[61]. Importantly, AMPs have been combined successfully with quorum sensing
inhibitors, such as RNA Ill-inhibiting peptide and a derivative thereof, to improve
antibiofilm activities [61-63]. Another important biofilm target comprises the bacterial-
produced extracellular polymeric substances (EPS) that not only shape the biofilm
matrix as a layer of protection, but also promote bacterial adherence to surfaces, cell-
cell adhesion and aggregation [61]. Matrix degrading enzymes and chelating agents
interfering with iron-dependent metabolic processes have been shown to synergize
with AMPs and more efficiently eradicated bacterial biofilms [64-66]. Alternatively,
bacterial biofilms could be targeted by inhibition of EPS synthesis or by binding to
EPS adhesins or lectins to prevent initial adhesion of bacteria to cellular surfaces
[59, 61, 65, 67]. Moreover, bacterial conjugation inhibitors, such as unsaturated fatty
acids and derivatives thereof, can prevent antimicrobial resistance development in
the biofilm by blocking horizontal gene exchange [68]. A burdensome subpopulation
within biofilm communities comprises persister cells, which are difficult to treat due
to their metabolically inactive state. This subpopulation could be specifically targeted
using agents that stimulate persister cell metabolism or by agents that disrupt the
bacterial cell membrane instead [59]. The combined administration of two diverse
agents, as is the case with AMPs and antibiotics or antibiofilm agents, can face
difficulties related to differences in PK/PD properties. Conjugation of the two agents
could be considered as a strategy to overcome this limitation [69, 70].

5. The future of AMP-loaded DDSs

5.1. From application to design of an AMP-loaded DDS

The first drug DDS allowing controlled-release of a drug was developed in the 1950’s,
and since then drug delivery technology has advanced significantly [71]. Nowadays,
multiple drug delivery approaches are available and used for AMPs [72], including
nanosized lipid and polymeric DDSs and coatings that are described in chapter 4
of this thesis. These AMP DDSs offer several advantages for application of AMPs,
including improved stability and bioavailability [73-75], reduced cytotoxicity [76, 77]
and improved biofilm penetration and intracellular retention [77-79]. Moreover, the
properties of these AMP-loaded DDSs can be tuned to specific clinical applications,
that require different operational conditions. Previously, Liu et al. concluded that the
ideal diameter of a DDS targeting bacterial biofilms ranged between 5 and 100-200
nm based on the channel dimensions within the biofilm, but should not exceed 500
nm to prevent recognition by the immune system leading to quick clearance from the
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circulation [80]. Moreover, functionalization of DDSs with hydrophilic polymers, like
PEG, can allow stealth transport of the DDS through the bloodstream and improve
their biocompatibility [80]. Importantly, based on current information available on
AMP-loaded DDSs we made recommendations for most promising DDSs to protect
and deliver AMPs to combat hard-to-treat infections (chapter 4). For bloodstream
and deep-seated infections soft nanoparticles and fusogenic liposomes could
be advantageous, because they protect AMPs from degradation, enhance AMP
circulation time and allow AMP transport through tissues. In contrast, for pulmonary
and intracellular infections cationic solid nanoparticles would be preferred, that
favor penetration in mucus and biofilms, and allow internalization into epithelial
cells. On the other hand, catheter-related and implant-associated infections could
be best prevented using layer-by-layer AMP coatings, that prevent introduction of
bacterial pathogens, eliminate bacterial growth on the material surface and reduce
bacterial growth in the surrounding tissue. For complex wound infections anionic
hydrophilic nanoparticles might be beneficial, that protect AMPs from degradation,
but subsequently improve biofilm penetration properties and provide sustained AMP
release over time. Together, the clinical application and aimed characteristics of an
AMP-loaded DDSs should be absolutely clear from the start of a research project,
in order to accurately design an AMP-loaded DDS for successful implementation in
the clinic.

5.2. Challenges for translation of AMP-loaded DDSs to the clinic

Regardless of the advantages of DDSs for AMP delivery, significant challenges
have to be overcome to produce an effective pharmacological product for clinical
application in infectious diseases. One of the challenges is related to the lack of
standardized testing of AMP DDSs, complementary to the discussion in paragraphs
2.1 and 2.2. Likewise, these DDSs are mostly tested using simple MIC assays,
but are inadequately evaluated in more complex situations involving biofilms,
persister cells, AMR strains or relevant biological conditions, i.e. plasma or urine
(chapter 4). We addressed part of this in vitro knowledge gap by thoroughly
evaluating SAAP-148 and Ab-Cath nanogel formulations against planktonic, biofilm-
residing and skin-associated AMR bacterial strains, as well as evaluating cytotoxicity
against erythrocytes, human skin fibroblast and keratinocyte monolayers, and
in a 3D human epidermal model (chapters 5 and 6). Besides the lack of proper
evaluation of a single AMP-loaded DDS, there are limited studies comparing multiple
DDSs for one specific application. Introduction of such studies could validate our
recommendations for the best-of-choice DDS for the envisioned clinical application,
which were presented in paragraph 4.1. Moreover, in vivo experiments are crucial
to determine the true efficacy and safety, and PK/PD properties of AMPs loaded in
DDSs. Considering the increasing lack of effective treatment of antimicrobial resistant
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infections, it is key to evaluate AMP-loaded DDSs in vivo as quickly as possible.
Another challenge to produce an AMP DSSs for clinical application in infectious
diseases is related to the lack of shelf-stable DDSs. Despite the promising activities
of lipid and polymeric DDSs loaded with AMPs, the development of a shelf-stable
pharmaceutical formulation is crucial for successful implementation of these DDSs
in the clinic. Lyophilization of the pharmacological product is a common strategy to
allow long-term storage and easy distribution, improve product shelf-life and enhance
formulation stability [81]. Importantly, for the first time we developed a successful
lyophilization method for AMP-loaded hyaluronic acid-based nanogels using snake
cathelicidin Ab-Cath (chapter 5). This method was successfully employed for
SAAP-148-loaded hyaluronic acid-based nanogels (chapter 6), emphasizing the
general applicability of the lyophilization method.

5.3. AMP-loaded DDSs targeting bacterial biofilms

A range of DDSs has shown potential to improve biofilm penetration, including
liposomes and polymeric nanoparticles [82]. Nevertheless, we did not observe
improved antibiofilm activities for both Ab-Cath- and SAAP-148-loaded hyaluronic
acid-based nanogels compared to the peptides in solution (chapters 5 and 6).
Functionalization of these DDSs might be a subsequent approach to enhance their
biofilm penetration and antibiofilm activities. For example, monoclonal antibodies
targeting surface proteins of Staphylococcus aureus have been described by
de Vor et al. to specifically recognize S. aureus biofilms [83], and could be used
to coat surfaces of DDSs to target bacterial biofilms and improve localization.
Alternatively, Sharma et al. functionalized IDR-1018-loaded PLGA nanoparticles
with the biofilm disrupting agent N-acetyl cysteine and demonstrated improved
antibiofilm activities of their DDS compared to the nonfunctionalized counterpart
[84]. Moreover, the synergistic strategies described in paragraph 4 are also
used for AMP-loaded DDSs. For instance, Faya et al. demonstrated an improved
antimicrobial activity for vancomycin-loaded liposomes decorated with AMPs against
S. aureus compared to single-loaded DDSs [78]. Alternatively, smart DDSs are
being developed that are responsive to specific stimuli, such as light, temperature,
pH and/or specific enzymes [82, 85]. Several studies have combined the above
mentioned strategies to develop novel DDSs with antibiofilm activities. For instance,
Hu et al. developed photothermal nanoparticles coated with polydopamine, that
kill bacteria by producing heat locally after near-infrared light irradiation [86].
In addition, their DDS efficiently targeted methicillin-resistant S. aureus due to
additional surface functionalization with vancomycin. Moreover, Meeker et al.
loaded an antibiotic in photothermal polydopamine-coated gold nanoparticles, and
demonstrated synergistic photothermal- and antibiotic-mediated killing of S. aureus
and Pseudomonas aeruginosa [87, 88]. In addition, these nanoparticles showed
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good antibiofilm properties after functionalization with antibodies targeting specific
lipoproteins, which are highly produced in biofilms. Likewise, gold nanocages were
targeted to bacteria by coating with macrophage membranes containing bacterial
recognizing receptors [89]. Bacteria-specific targeting could also be achieved by
functionalization of the DDS with aptamers or lectins [90-93]. In addition, Liu et al.
described pH adaptive micellar nanocarriers that change charge from anionic to
cationic in the low pH environment of bacterial biofilms, improving the penetration
and retention in the biofilm. Moreover, this system was complemented by using
light-activatable antibacterial agents, resulting in a superior system compared to its
nonresponsive counterpart [94]. As mentioned previously, DDSs could improve the
selectivity index of the loaded antibacterial agent. Importantly, we observed improved
selectivity indices for both Ab-Cath and SAAP-148 upon formulation in hyaluronic
acid-based nanogels (chapters 5 and 6). Some of the above mentioned strategies
allow to selectively target the site of infection followed by on-demand release, and
thus have promise to further enhance the selectivity index of AMPs loaded in DDSs.

6. Conclusions and future directions

This thesis presents three strategies to improve lead AMP SAAP-148, namely i)
chemical lead-optimization using PEGylation, ii) combination therapy with novel
antibiotic halicin and iii) development of hyaluronic acid-based nanogels for
delivery of SAAP-148. The latter strategy was also employed for snake cathelicidin
Ab-Cath. The most important findings of this thesis are summarized below. Firstly,
PEGylation of SAAP-148 resulted in reduced cytotoxicity towards erythrocytes and
remarkably improved the ability of the peptide to modulate the immune system to
a more pro-inflammatory subset, i.e. enhancing neutrophil migration, (re)directing
monocyte-macrophage differentiation towards pro-inflammatory macrophages (type
2) and promoting maturation of dendritic cells during the monocyte-dendritic cell
differentiation process. Secondly, synergy was discovered between SAAP-148 and
novel antibiotic halicin against AMR S. aureus and E. coli. Importantly, the favorable
interactions were maintained in biofilms and clinically relevant 3D human infection
models. Thirdly, formulation of SAAP-148 and Ab-Cath in hyaluronic acid-based
nanogels maintained their antimicrobial activities against AMR bacterial strains
and reduced their cytotoxic activities, thus improving the selectivity indices of these
peptides. In conclusion, the results in the present thesis contribute to the development
of SAAP-148 and Ab-Cath as therapeutics to combat bacterial infections. Finally,
we presented future directions for further development of AMPs in this chapter.
In general, the success rate of antibiotic drug discovery should be improved by i)
incorporation of clinically relevant conditions in early in vitro screenings, ii) using
3D models as proof-of-concept for in vivo studies and iii) utilizing non-inferiority
clinical trials for approval of novel antibiotics. Moreover, to further improve upon the
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promising activities of AMPs, these peptides should be used in combination with
antibiotics or other antimicrobial agents. Additionally, combinations of AMPs and
antibiotics or antimicrobial agents further reduce AMR development and allow for
development of an effective antibiofilm therapy. Ultimately, AMPs (or combinations)
should be incorporated in DDSs for clinical application. These systems allow for
protection of the AMP, improve PK/PD properties and can be functionalized to target
bacterial biofilm infections. Together, these directions might be the way forward to
introduce these AMPs to the clinic.
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