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Key words and definitions:

nanoantibiotics — encapsulation of antibiotic drugs into nanocarriers to improve their targeted

delivery and reduce unspecific tissue accumulation and side-effects

biogenic drug delivery — subsection of drug delivery technologies taking advantage of principles and
systems present in nature; systems often exhibit beneficial properties such as reduced immunogenicity

or inherent targeting abilities

biomimetics — imitating natural principles and systems by using synthetic building blocks and

mechanisms

bio-inspired delivery systems — semi-synthetic drug carriers or delivery methods that take inspiration

from natural principles, e.g., liposomes

extracellular vesicles — cell-derived natural nanoparticles produced by almost any mammalian cell in

vitro and in vivo; serve for intercellular communication between neighboring cells and at distance

outer membrane vesicles — bacteria-derived nanoparticles shed from the outer membrane; vesicles

transfer information within bacterial colonies but may also be used to attack other bacteria during the

fight for an environmental niche

cell-mimetics — biomimetic approaches resembling function and structure of living cells

virus-like particles — multi-protein assemblies carrying structure and characteristics of viruses;

currently under investigation as safe and versatile vaccine approach



Biogenic and biomimetic therapeutics are a relatively new class of systems that are of physiological
origin and/or take advantage of natural pathways, or aim at mimicking these to improve selective
interaction with target tissue. The number of biogenic and bioengineered avenues for drug therapy and
diagnostics has multiplied over the past years for many applications, indicating the high expectations
associated with this biological route. Nevertheless, the use of “bio”-related approaches for treating or
diagnosing infectious diseases is still rare. Given that infectious diseases—in particular bacterial
resistances—are seriously on the rise, there is an urgent need to take advantage of biogenic and
bioengineered systems to target these challenges. In this manuscript, we first give a definition of the
various “bio” terms, including biogenic, biomimetic, bio-inspired and bioengineered and we highlight
them using tangible applications in the field of infectious diseases. Our examples cover cell-derived
systems, including bioengineered bacteria, virus-like particles and different cell-mimetics. Moreover,
we discuss natural and bioengineered particles such as extracellular vesicles from mammalian and
bacterial sources, and liposomes. A concluding section outlines the potential for biomaterial-related
avenues to overcome challenges associated with difficult-to-treat infections. We critically discuss

benefits and risks for these applications and give an outlook on the future of biogenic engineering.



Biogenic, bio-inspired and bioengineered systems — a definition
In recent years, drug therapy and diagnostic avenues that take advantage of biological systems
or natural (biogenic) principles have rapidly multiplied. Indeed, nature is the ideal prototype for

' or detecting physiological

developing novel approaches for selectively delivering compounds
markers in a highly sensitive way. * These new systems take advantage of natural pathways or may
mimic these in order to optimize physiological interactions with tissue or target cells, and ultimately
enhancing therapeutic performance in clinical trials. * Such natural principles of selective cell
recognition have evolved over time to maximize functionality and selectivity, thus offering a stronger
specificity than purely synthetic systems. The nomenclature for these nature-related and nature-

inspired systems is diverse manifold and ranges from “biogenic” and “biomimetics”, to “bio-inspired”

or “bioengineered” (Figure 1).

Synthetic Biomimetic and
building blocks bio-inspired
(e.g. polymers) 8 Interaction with target

& tissue and cells?
2,9 WP <
g — O==x o=0 Bioengineered

® o@?@%@o K

Natural buildi
blocks (:;[.'acellull'rn::r?brane) % \\O%gd"
V71N
D de, 5’” Qo

_— %:o Rq\o:g)
& Ji %%

Biogenic

Living organisms and cells

Figure 1. Differences in origin of various “bio” systems. Living cells and organisms produce
biogenic entities, such as cells or cell-derived vesicles which in nature serve a specific function, a
process that may be utilized to deliver compounds in a specific manner. In comparison, biomimetic
and bio-inspired systems are synthetic and artificial approaches that imitate physiological model
systems or biological processes. Successful examples for synthetic biomimetic approaches are
liposomal or polymeric carriers. When biogenic and biomimetic systems are combined, bioengineered
avenues are developed. These systems are based on the application of engineering approaches on
biological and medical building blocks, such as semisynthetic polymer-drug conjugates or
functionalized natural vesicles. Overall, “bio”-systems are thought to possess better interactions with
cells and living tissue rendering them promising avenues for targeted anti-infectives’ delivery or
detection of bacterial and viral illnesses.



In the field of targeted drug delivery, the use of such “bio”-systems may be advantageous
compared to chemically inert drug carriers or materials, which merely serve as the matrix in which an
active compound is embedded. In contrast, biogenic and bioengineered approaches are postulated to
lead to an active interplay of the carrier system with the biology encountered in the human body and
will additionally enhance the drug activity or diagnostic readout in a physiological manner. Moreover,
compared to their artificial counterparts, such natural approaches may reduce recognition by the
immune system, diminished complement activation, and minimized accumulation in other tissue. * In
return, reduced side-effects, enhanced localized drug concentration at the site of action and thus
augmented therapeutic outcome may be observed. For these reasons, biogenic and bioengineered
avenues are promising future alternatives to purely synthetic systems which often show limited
efficacy in (pre)clinical assessments. *

In the present perspective article, we first aim to define and differentiate between the various
“bio”-terms and discuss advantages of each approach (Box 1). We subsequently give an overview of
current biogenic and bio-inspired systems for the selective therapy and detection of bacterial
infections. Difficult-to-treat infections are an increasing healthcare problem world-wide and we thus

discuss the potential of bio-avenues to target these emerging problems.

Box 1. Definitions of biogenic, biomimetic/bio-inspired and bioengineered approaches.

Glossary - What are similarities and differences between the “bio” terms?

Biogenic — produced or originating from a living organism

Any cell, particle or compound that is derived from cells or living tissues; e.g., erythrocytes,
extracellular vesicles or enzymes.

The complexity of biogenic systems may hinder their (semi)synthetic replication but they give a
competitive edge due to their physiological role in translating biological interactions.

Biomimetic and bio-inspired — imitation of model systems and elements of nature and natural
processes

Mostly synthetic and artificial model systems or approaches that take inspiration from natural
principles and mechanisms; e.g., liposomes, artificial viruses, synthetic peptides.

The level of complexity is often reduced in order to create simple systems that resemble the most
important principles of their natural archetype.

Bioengineered — biological and medical application of engineering methods and techniques

Combinations of natural building blocks with artificial counterparts or the utilization of engineering



approaches on physiological systems; e.g., functionalization of cells, cell/bacterio-mimetics, drug-
polymer conjugates.
By using known engineering methods, the degree of complexity for manufacturing these systems is
substantially diminished but without compromising on their natural and selective interaction with
living cells and tissue.
Biogenic as promising option for anti-infective avenues

There is an urgent need to develop new treatment options for resistant and multi-resistant
pathogens, in particular bacteria. The number deaths induced by these difficult-to-treat infections is
currently estimated to be up to 25,000 per year in Europe, with an even larger number of affected
patients worldwide. ° In the UK 2014 Review on Antimicrobial Resistance, it was estimated that by
2050 an incredible number of 10 million deaths per year worldwide will be caused by those bacteria,
exceeding the incidence of cancer-associated deaths (www.amr-review.org.). The World Health
Organization (WHO) has recently published a list of highly relevant pathogens for which novel
therapeutic approaches need to be developed. Among these are several multi-drug resistant bacteria
including Pseudomonas, Acinetobacter and different types of Enterobacteriaceae, that often cause
problems in hospitals, nursing homes and among patients with medical devices (www.who.int). One
way of addressing the challenging question of how to tackle problem bacteria is still the discovery of
novel antibiotic compounds. ° In recent years, a few promising candidates and novel targets have been
developed, such as lectin inhibitors 7 and drugs interfering with the bacterial quorum sensing system. ®
Such novel drugs represent powerful new ways to target resistant bacteria, but efficient carriers for
their selective delivery are needed in order to increase tissue specific delivery. Encapsulation of
antibiotics into nanoparticulate drug delivery systems, such as liposomes, create so-called
“nanoantibiotics,” which improve drug transport to the site of infection, enhance antibiotic uptake into
bacteria, and increase overall antibiotic efficiency. ° Nanoparticles are among the most promising
avenues to allow existing antibiotics to reach their site of action, thereby enhancing anti-infective
strength and overcome certain types of microbial drug resistance, such as efflux pumps. '
Nevertheless, the ability of current nanoantibiotics to exclusively target pathogenic bacteria is often

insufficient, as their stability under physiological conditions is suboptimal and they may induce side-

effects due to their synthetic origin. Biogenic approaches offer the potential to counterbalance the



drawbacks of artificial carriers, as they may naturally overcome barriers associated with anti-infective
therapy. Biogenic avenues provide exciting opportunities to develop novel future concepts for
enhanced-sensitivity diagnostics. '

Several bacteria that are considered traditionally as extracellular pathogens have now been
investigated also as intracellular pathogens not only in professional phagocytes (e.g. macrophages)
but in non-professional phagocytes (e.g. epithelial cells). The pathogen becomes intracellular as a
strategy to evade the immune system and treatment with antibiotics. The main example of such
pathogens is Staphylococcus aureus. > Besides becoming intracellular, bacteria can also form
biofilms. Biofilms are small colonies of bacteria inserted in extracellular matrix, where they became
stable and tolerant to antimicrobial treatment and the immune system. " It has been reported that
biofilms can incorporate different species of bacteria, such as Staphylococcus aureus and
Pseudomonas aeruginosa together. '* Co-infection and biofilm formation are especially important in
cases of chronic pulmonary disease (e.g. cystic fibrosis) °, making the infection hard to be treated and
deteriorating the condition of the patient clinically. When using nanodelivery approaches, a major
challenge is to overcome or disrupt this rigid biofilm barrier and to reach the underlying pathogens. '°

Here we summarize recent efforts using natural systems and — as this is an emerging field of
research — we focus specifically on publications and reports from 2013 onwards (Table 1). We
emphasize biogenic and bioengineered approaches (i.e. avenues that are fully or partially based on
natural components or entities) but we also highlight a few very important examples of bioinspired
avenues, as we believe that mimicking physiological elements is crucial for an optimal drug transfer
with minimal side effects (Figure 2). Fully synthetic approaches are beyond the scope of this work
but are summarized in a comprehensive recent review. ' Nevertheless, combining biogenic with
artificial systems may in the future lead to enhanced semi-synthetic avenues where both approaches
may benefit from one another. The approaches in this manuscript are organized by cell-derived
systems, natural and bioengineered nanocarriers, followed by a concluding section on bio-inspired

materials and their importance in the future of this field of research.



Table. Overview on recent biogenic, bioengineered and biomimetic approaches for targeting bacterial infections
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Figure 2. Schematic overview of selected biogenic and bioengineered avenues for targeting
infections. Approaches for biomimetic, bioengineered, cellular hitchhicking and biogenic avenues are
displayed. Biomimicry may take advantage of reproducing the rough surface of viruses by coating
larger core particles with smaller nanoparticles, both made of silica. Such rough surface may enhance
cellular uptake in a comparable manner to viruses. Surface bioengineering of plain liposomes with a
bacterial invasion protein (invasin) rendered bacterio-mimetic carriers for enhanced targeting of
difficult-to-reach intracellular pathogens. Nanoparticles may also be coupled onto the surface of red




blood cells to employ them for cellular hitchhiking. Erythrocytes possessed enhanced systemic
circulation time and may shuttle their backpack-cargo to the narrow vasculature in the lungs. Finally,
extracellular vesicles are currently under investigation as potentially biocompatible and cell-selective
carriers. These biogenic particles are derived from all cells and subsequently are of natural
composition, making them promising in the field of targeted drug delivery.

= Cell-derived systems for delivery of anti-infective compounds
Bioengineered bacteria
The motility of flagellated bacteria can be utilized to deliver molecules to areas of difficult reach.
Taherkhani and collaborators developed a magnetotactic bacteria-nanoliposome complex as a drug

delivery system. **

Using Magnetococcus marinus MC-1 magnetotactic bacteria (MTB),
nanoliposomes (LP) were covalently bound to their surfaces without impairing the bacteria’s motility.
Their results show that the MTB-LP complex is rapidly internalized by phagocytic cells (J774), while
the opposite is seen for non-phagocytic cells (NIH/3T3 mouse fibroblasts and Colo 205 human
metastatic colon cells). ®* Although this concept is focused on delivery of cytotoxic compounds, it
may be translated to infectious diseases by encapsulation of liposomes with antibiotic drugs.
Moreover, the potential of this bacterial self-propeller could be further enhanced when drug-loaded
nanoliposomes are detached in a specific tissue and/or following a stimulus such as pH decrease
during infections.

In an infection setting, Stanton and coworkers recently used the magnetotactic flagellated bacteria
Magnetosopirrillum gryphiswalense (MSR-1). MSR-1 was integrated into mesoporous silica
microtubes loaded with ciprofloxacin by incubation in a buffer solution, resulting in a magnetically-
responsive biohybrid system. '* The biohybrid system was tested against Escherichia coli biofilms and
was shown to be able to be magnetically guided into them. The acidic biofilm microenvironment was
instrumentalized for a selective drug release (Figure 3.). This system is interesting for its ability to
physically penetrate and attack the biofilms, contributing to their disruption. However, further study is
needed on biocompatibility and on elucidating how many biohybrids need to be administered to reach
therapeutic levels of antibiotics at the site of infection. In a similar approach, Park and collaborators
loaded doxorubicin into polyelectrolyte multilayer (PEM) microparticles with embedded magnetic

nanoparticles and then attached to the E. coli surface, successfully guiding them to a specific target. *
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Translating this guided approach to human patients may be challenging. Nevertheless, taking
advantage of magnetotactic bacteria and carrier systems is an innovative and promising approach to
deliver drugs to a specific site and consequently optimize the therapy and avoid adverse effects caused

by drugs.

Viruses and virus-like particles

Viruses have an excellent ability to avoid the immune system and invade cells to “unload”
their genes and replicate. ' Several research groups have been exploiting this ability of the viruses to
develop carriers that mimic their behavior but without the risk of inducing infections. These
approaches include developing nanoparticles mimicking the natural virus-surface and virus-like
particles that resemble viral structures without being infectious. For example, enveloped viruses have
a size of 30-400 nm, which is adequate for uptake by cells, and their surface is rough with
glycoprotein spikes. ' In an attempt to investigate the role of this surface roughness on the cellular
delivery efficiency, excluding the receptor-specific interactions influence, Niu and collaborators
prepared negatively charged silica nanoparticles which were coated with positively charged amine
groups and polyethylemine, resulting in a positively charged nanoparticle. In addition, negatively
charged small diameter silica particles were prepared separately and bound to the larger nanoparticles
prepared previously. The resulting particle had a rough surface, mimicking those of viruses. "
Particles with a rough surface showed a better binding ability and a 5.6 times higher cellular uptake in
HeLa cells compared to smooth nanocarriers. These results indicate that rough particles mimicking
natural viruses enhance the interaction at the cellular level, which may be an important consideration

during design of anti-infective nanocarriers. It remains to be determined whether enhanced uptake of

such rough particles does also improve the delivery of loaded anti-infective cargo.
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Figure 3. (A and B) Confocal fluorescence microscopy images showing that SP94-targeted VLPs
(red) are internalized by Hep3B (A) but not by hepatocytes (B). (C and D) VLPs comodified with the
SP94 targeting peptide and the HSWYG fusogenic peptide become distributed in the cytosol of
Hep3B cells, while VLPs modified with only SP94 remain in the endosomes. Hep3B cells exposed to
SP94-targeted VLPs (red) for 1 hour. VLPs were comodified with~60 SP94 peptides/particle and
~75 H5WYG peptides/particle in panel C, while they were modified with only ~60 SP94
peptides/particle in D. Scale bars: 10 pm. Reprinted with permission from Ashley, C. E., Carnes, E.
C., Phillips, G. K., Durfee, P. N., Buley, M. D., Lino, C. A., Padilla, D. P., Phillips, B., Carter, M. B.,
Willman, C. L., Brinker, C. J., Caldeira, J. D. C., Chackerian, B., Wharton, W., and Peabody, D. S.
(2011) Cell-specific delivery of diverse cargos by bacteriophage MS2 virus-like particles. ACS Nano
5, 5729-5745. Copyright 2011 American Chemical Society.

Such specific delivery of drugs loaded into bioengineered virus-like particles (VLPs) was
investigated by Ashley and colleagues, who developed an interesting strategy to transfer a variety of
molecules to specific targets. Producing VLPs from bacteriophages MS2 and modifying their surfaces
with a peptide (SP94) that binds to human hepatocellular carcinoma (HCC), they showed that the
VLPs have a higher avidity to HCC when compared to normal hepatocytes (Figure 3. A and B),
endothelial cells (HUVECs), and immune cells such as T-lymphocytes. *° They also demonstrated that
with further modification of the VLPs with histidine-rich fusogenic peptide (HSWYG), it is possible
to avoid the endosomal pathway, allowing the VLPs to be dispersed in the cytosol (Figure 3. C and
D). *° This approach has potential to be adapted to deliver antimicrobial drugs to specific targets by
surface modification.

The concept of VLP-carriers may also be combined with an imaging/diagnostic option. In an
interesting bioengineering approach, Fe;O; nanoparticles were encapsulated into genetically
engineered hepatitis B core (HBc¢) virus-like particles through the specific affinity of histidine tags to

the nickel nitrilotriacetic acid (NTA) chelate. *' The resulting HBc-144-His virus-like particles with

loaded Fe;O, nanoparticles were highly monodisperse and uniform (Figure 4). The encapsulation
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efficiency for the iron oxide nanoparticles into the virus-like cores was found to be strongly dependent
on the core size. When assessed in an in vitro model of HeLa cells the obtained core-containing VLPs
exhibited higher cellular uptake compared to the free iron oxide particles. These iron oxide particles
may serve as contrast agents to visualize in vivo uptake at sites of infection. It would also be
conceivable to encapsulate other metal nanoparticles such as gold into these VLPs to render
theranostic carriers, for both therapy and diagnostic use. In any case, extended biocompatibility
assessments will be required to evaluate whether this promising approach may be translated to

preclinical studies.
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Figure 4. Genetically engineered hepatitis B core (HBc¢) virus-like particles (VLP) with a histidine tag
rendered HBc-144-His VLPs loaded with Fe;O4 -NTA-Ni** nanoparticles with various diameters. 1 (A
and B). Their cellular uptake was assessed in HeLa cells. 2 (A-D). TEM images of negatively stained
samples of engineered hepatitis B core virus-like particles loaded with Fe;Os. Reprinted with
permission from Shen, L., Zhou, J., Wang, Y., Kang, N., Ke, X., Bi, S., and Ren, L. (2015) Efficient
encapsulation of Fe304 nanoparticles into genetically engineered hepatitis B core virus-like particles
through a specific interaction for potential bioapplications. Small 11, 1190-1196. Copyright 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In general, VLPs are not only promising for transport of drug compounds but even more
interesting in developing safe vaccines that induce strong immune responses. They offer favorable
properties regarding chemical and genetic modification but they are not self-replicative. A

comprehensive overview on their bioengineering was recently published. *
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Another strategy that has been investigated to overcome the bacterial resistance to antibiotics is the
use of bacteriophages. Bacteriophages, or simply phages, have been used to treat infections for almost
100 years. *'** Phages have several advantages over traditional antibiotic treatment, including self-
amplification, low toxicity and species-specificity. **** In a hamster model, Nale et al. showed that the
combination of phages on the treatment of Clostridium difficile limited its proliferation. In vitro, the
combination of phages reduced C. difficile growth. ** The use of phages has also been linked to the
restoration of antibiotic susceptibility in multi-drug-resistant Pseudomonas aeruginosa. ** The use of
phage therapy has potential to eradicate infections by its sole use or by combination with traditional
antibiotics. A comprehensive review on phage therapy has been recently published discussing the

main challenges of this field. *

Cell-hitchhiking approaches

Red blood cells (RBCs) are natural, biocompatible and biodegradable delivery vehicles which
have numerous properties that can inspire the development of biomimetic carriers. ** Their structure
consists of a semi-permeable membrane that can release small-molecule drugs in a sustained pattern.
They are able to encapsulate and protect cargos by forming compartments and can circulate in the
body for a long period of time due to their non-immunogenic and biocompatible characteristics, *
both proven in clinical trials. *” The main challenge of using RBCs as a drug delivery system is
loading them while maintaining their biological properties. ** There are now several methods for RBC
encapsulation of drugs of choice, including the antibiotics primaquine ** and amikacin, ** which are
summarized in a recent review. *!
Another elegant avenue for using erythrocytes would be their surface modification with drugs or
nanoparticles in a cellular hitchhiking concept (Figure 2). Anselmo and collaborators have attached
polystyrene nanoparticles to the surface of mice RBCs to deliver drugs or particles to specific sites,
such as the lung. Both were incubated at varying particle to RBC ratios (Figure 5). The nanoparticles
remained attached to the RBCs under static conditions, but detached upon mimicking the shear stress
present under physiological conditions (5 Pa for 15 min at 37 °C), such as in the lung

microvasculature. When the erythrocytes reach the capillaries in the lung, the nanoparticles detach

14



from the RBCs, stick to the walls of the capillary and may be taken up by target cells. * When loading
nanoparticles with antibiotics of choice, this approach has potential to treat lung infection, such as
persistent bacterial infections in cystic fibrosis patients. ** A major advantage of this technology is the
simple isolation of RBC carriers from individual patients which may evoke even lower

immunogenicity and facilitate a sort of individualized medicine approach to treat difficult lung

infections.
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Figure 5. a) and b) Representative SEM images of polystyrene NPs attached to the surface of RBCs.
¢) Graph showing that the amount of NPs attached on the surface of RBCs is concentration dependent.
d) The attachment of NPs to RBCs did not cause hemolysis. e) Schematic representation of the
detachment of NPs from RBCs in tiny capillaries present in the lung microvasculature. Reprinted with
permission from Anselmo, A. C., Gupta, V., Zern, B. J., Pan, D., Zakrewsky, M., Muzykantov, V.,
and Mitragotri, S. (2013) Delivering nanoparticles to lungs while avoiding liver and spleen through
adsorption on red blood cells. ACS Nano 7, 11129-11137. Copyright 2013 American Chemical
Society.

Immune cells, such as neutrophils, exhibit a natural affinity for and homing to inflamed and
infected tissue, making them promising transfer avenues to carry diagnostic and therapeutic molecules
to sites of infections. * Drug-loaded, denatured albumin nanoparticles are often taken up by
neutrophils that are activated and adherent to the blood vessel wall (Figure 6a). * Chu and co-
workers demonstrated by intravital microscopy of mouse cremaster venules that these albumin-NPs
were internalized by neutrophils, which subsequently transmigrated through the blood vessel wall and
into the muscle to reach inflamed tissues. > They showed that neutrophils carrying albumin NPs can

23

cross the vessel barrier in an acute lung inflammation model in mice. To investigate the

antimicrobial therapy potential of these albumin NPs-carrier neutrophils, the NPs were loaded with a
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broad spectrum antibiotic — cefoperazone acid — and tested against Pseudomonas aeruginosa lung
infection in mice (Figure 6b). The antibiotic-loaded NPs did not impair the neutrophil mobility and
activation or the lung integrity, but they reduced bacterial burden threefold compared to a free
solution of cefoperazone acid. ** Although the biocompatibility and immune-stimulatory potential of
these neutrophil carriers needs to be further assessed, this approach successfully exemplifies the
potential of immune cells as natural carriers by exploiting their physiological mechanisms to deliver
compounds to sites of infection and inflammation.
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Figure 6. a) Schematic representation of the concept of neutrophil-mediated delivery. Activated
neutrophils may actively transmigrate blood vessel walls and accumulate in inflammatory tissue. b)
Albumin nanoparticles loaded with antibiotic cephoperazone acid (Cefo-A) NPs reduced bacterial
proliferation of Pseudomonas aeruginosa threefold when compared to the free drug. Reprinted with
permission from Chu, D., Gao, J., and Wang, Z. (2015) Neutrophil-Mediated Delivery of Therapeutic
Nanoparticles across Blood Vessel Barrier for Treatment of Inflammation and Infection. ACS Nano 9,
11800-11811. Copyright 2015 American Chemical Society.
= Natural and bioengineered particles as biogenic carriers for anti-infectives

Extracellular vesicles for targeted drug transport

Extracellular vesicles (EVs) are natural nanoparticles produced by the majority of prokaryotic
and eukaryotic cells. ***° Initially, they were thought to be inert cellular debris, but they are
increasingly recognized as playing important roles in intercellular communication. * EVs are
classified according to their biogenesis and size, dividing them mostly into two classes: exosomes,
with a size range of 50-200 nm, and shedding microvesicles, that may have sizes of 100 nm up to

several micrometers. ** Due to their structure - a lipid bilayer membrane containing proteins - they

have been referred to as natural liposomes. %" They are postulated to have a natural role in
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transferring information between cells and tissues, thus their potential as drug carriers has been

48 49

investigated for various applications ranging from inflammation, ** cancer, ¥ infections, *

and
cardiovascular diseases. * The use of EVs as drug carriers largely depends on effective methods of
incorporating suitable drugs. >' It has been shown that they may be loaded with various compounds,
such as small molecule drugs, enzymes and nucleic acids (Figure 2). >

Some EVs were shown to be inherently anti-infective. Using such preformed vesicles would
take advantage of their physiological properties without extensive post-processing. In literature, there
are examples for both EV-surface proteins and EV-contained compounds that induce such
antimicrobial effect. When neutrophils are challenged with S. aureus, their microvesicles induce
significantly better aggregation of exogenously added bacteria, compared to microvesicles from non-
challenged neutrophils. *

This aggregation was mediated by CD11B-binding of bacteria onto the microvesicle surface,
an effect that is also applied for infection diagnostics. A few recent examples have indicated that
exosomes may also naturally contain anti-infective compounds, such as those isolated from urine of
healthy humans contain proteins known to be bacteriostatic (e.g. mucin-1) and bactericidal (e.g.
lysozyme C). > Immunogold electron microscopy imaging revealed that these proteins are naturally
loaded into EVs. After identifying these proteins in urinary exosomes, Hiemstra and collaborators
investigated their ability to inhibit the growth of strains of E. coli that are responsible for urinary tract
infections. The urinary exosomes were able to inhibit the growth of E. coli, ** suggesting that they
play an important role in innate immunity. Indeed, exosomes induced bacterial lysis during 15 min of
incubation with E. coli, suggesting release of their cargo in close proximity of bacteria but the detailed
mechanism was not studied. Hu et al showed that nasal exosomes contain a number of proteins
responsible for cell trafficking and present antibacterial properties. *’ Using a Boyden chemotaxis
chamber — a standard assay measuring cell migration through a porous membrane — it was revealed
that immune cells isolated from blood migrate to the exosome-containing chamber. > They also
investigated exosomal proteins by exclusion list-based liquid chromatography—-MS/MS and
discovered that proteins with antifungal and antibacterial activity are decreased in patients that present

respiratory diseases, such as asthma, when compared to healthy individuals. °” These results suggest
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that individuals who have pulmonary diseases might be more susceptible to infections and that
exosomes contribute to an innate infection defense mechanism in healthy individuals. The focus of
this study was on identification of exosomal proteins but it would be highly relevant to know more on
the mechanism by which these EV induce antimicrobial activity. Hu et al also demonstrated the
importance of exosomes in infections by assessing the release of biliary and intestinal epithelium EVs
upon infection by Cryptosporidium parvum, a parasite. ** Exposure of the parasite to those exosomes
decreased its viability and ability of infection in vitro in H69 human lung carcinoma cells and in urine
cholangiocyte 603B cells, and in mice. ** These examples indicate a potential of physiological EVs to
become an important delivery system for transferring natural or antibacterial cargos in a relevant
infection setting. The exploration of the origin and therapeutic applicability of these EVs needs further
evaluation, for example concerning the functional diversity of EV-subpopulations *°, and will clarify

whether the biogenic EV approach is a viable future strategy in the clinics.

Outer membrane vesicles as vaccines

Bacteria are also able to produce EVs and, when they are gram-negative, these vesicles are
called outer membrane vesicles (OMVs), while EVs produced by gram-positive bacteria are called
membrane vesicles (MVs). © Mycobacteria and fungi are also known to pinch off small vesicles but
the mechanism for this is still debated. ® There are different examples of inherently antimicrobial
OMYVs that may attack other bacteria during the fight for environmental niches, such as from

% or Myxococcus xanthus. ** The production of OMVs can be induced by

Pseudomonas aeruginosa
the use of low concentrations of antibiotics during bacterial culture, but those OMVs are bigger than
OMVs obtained at normal bacterial homeostasis. However, both particle types have the same content,
such as the presence of enzymes which may degrade competing microbes. * The immunogenicity of
OMVs may be reduced by engineering of their lipopolysaccharide composition which is important for
using them as biogenic carriers.  Still, it is necessary to assess their biocompatibility under in vivo
conditions to validate whether the use of bacteria-derived vesicles for treatment approaches is
feasible. In contrast, OMVs have been studied in more detail for vaccine applications as they

represent cell-free carriers displaying many relevant bacterial antigens. Such a non-replicative
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approach is highly promising and there are first formulations now in clinical assessment for

meningitides therapy.

Bioengineered liposomes as carriers for antibiotics

Some bacteria have invasion factors that facilitate their entrance into host cells. This is the
case for Yersinia pseudotuberculosis, which uses a protein called invasin to enhance host cell
attachment and uptake into epithelial cells via integrin binding. ¢ Inspired by this ability of invading
microbes, Labouta and collaborators developed a liposome formulation functionalized with the Y.
pseudotuberculosis invasion protein (InvA497) (Figure 2). InvA497 was coupled onto the surface of

26 and it was shown that the invasin-functionalized

monodisperse phospholipid fluorescent liposomes
carriers had a higher cell adhesion and better cellular uptake compared to non-functionalized
liposomes. The uptake studies indicated an active mechanism of internalization, mimicking the
pathological uptake route of Y. pseudotuberculosis. * In a follow-up study, Menina and collaborators
showed that the invasin-functionalized liposomes loaded with the model antibiotic gentamycin had a
greater antimicrobial effect on intracellular Y. pseudotuberculosis and Salmonella enterica in HEp-2
epithelial cells when compared to non-functionalized liposomes, due to their surface modification. '
This approach indicates that taking advantage of the natural bacterial invasion characteristics may aid
in enhancing the antibacterial activity of drugs that have poor permeability, such as gentamycin.
Nevertheless, it remains to be determined to which degree the functionalized liposomal carrier
interacts with other gastrointestinal cells upon oral administration and whether or not invasin
recognition is specific to enterocytes suffering from intracellular pathogens.

In another liposome-based approach, Henry and collaborators engineered vesicles with
cholesterol and sphingomyelin that sequester pore-forming toxins produced by gram-positive bacteria,
competing with host cells for toxin binding. ® Once they are bound to the liposomes, these toxins
cannot lyse mammalian cells in vitro. ® Using an in vivo model, it was shown that engineered
liposomes prevented S. aureus and S. pneumoniae septicemia within 10 hours after infection in mice.
% Moreover, when used in a combination treatment of engineered liposomes plus administration of

antibiotic vancomycin, lethal effects caused by the infection of S. aureus and S. pneumoniae were
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successfully prevented in vivo. *®® This impressive example shows that by exploiting naturally-derived
principles, it is possible to create effective and simple therapy options for such yet challenging to treat
septicemia. As several liposomal formulations have already been marketed for other dispositions, the

translation of the present approach into clinical assessment may be facilitated.

= Bioengineered biomaterials for overcoming challenges associated with infections

Biomimetic approaches may also be combined with engineering techniques to create
bioengineered materials to combat bacterial infections. ® One such approach is conjugation of
molecules or proteins to natural or (semi)synthetic polymers, creating bioengineered drug-polymer
conjugates. These conjugates have shown to exhibit enhanced stability under pulmonary " or oral
administration, "' indicating that this method may be feasible. A comprehensive overview discussing
such orally administered bio-inspired approaches is summarized in a recent review manuscript. ™
Hydrogels offer easily accessible chemical modifications and are often studied as bioinspired systems,
as they may be tuned to render mechanical stiffness of living tissue or they may release their cargo in

™ or to

a trigger-dependent way. " Thus, hydrogels have been shown to modulate cell behavior
constitute biomechanical functions of native tissue. "

Hydrogels also offer the possibility for a localized and thus highly controlled application of
biogenic and bioengineered approaches. A recent example of such an avenue is the development of a
3D-imprinted hydrogel to sequester bacterial B-lactamase. ® B-lactamase is a bacterial enzyme and a
known factor of increasing resistance and lack of efficiency of B-lactam antibiotics °. These enzymes
may cleave and inactivate different classes of anti-infectives, such as penicillins or cephalosporins. In
the present example, a hydrogel made of N-isopropylacryl-amide was [B-lactamase-imprinted. The
resulting temperature-sensitive scaffold was able to selectively sequester [B-lactamase enzymes,
resulting in an increased susceptibility of bacteria towards conventional penicillin G treatment.
Successful application of the systems was shown both in vitro and in an animal model of wound
infection. Bacterial growth in simulated wounds was abolished almost completely by using the
imprinted gel in combination with antibiotic treatment. A major advantage of such approach is that it

aims for an extra-bacterial factor which may overall reduce the evolution pressure on pathogens and
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thus the rate of occurrence of resistances. In general, extra-bacterial targets are a promising avenue to
develop materials that less likely induce resistances in the long run. 7’ Different stimuli-responsive
systems are currently explored for on-demand release of nanoantibiotics. ” One such approach are
self-assembled vesicles with encapsulated antimicrobial agents. ™ In presence of specific enzymes
produced by resistant bacteria, vesicles would disintegrate and release their cargo in a selective
manner. Probiotics and other non-pathogenic bacteria are not thought to be harmed. Although it only
represents a bio-inspired approach, it is worth mentioning and may in the future help to achieve
bacteria-selective killing without typical gastrointestinal side effects often associated with anti-
infective therapy. In general, combining such approaches with novel biomimetic and bio-inspired
materials may open further opportunities in fighting difficult-to-treat infections. Another example of
such efforts is the development of a polysaccharide-based, biodegradable hydrogel that mimics
glycosaminoglycans in the natural extracellular matrix. * These hydrogels, composed of the natural
polymers dextran and chitosan and loaded with vancomycin, have shown promising antimicrobial
activity in vitro, indicating that they may be used as wound dressing. This approach combines the
drug activity of antimicrobial agents with the anti-infective effect of natural chitosan which underlines
the importance of biomaterials that show additional interactions with the target tissue.

Finally, another important issue in biomaterials research is to prevent infections on prosthetic
surfaces during clinical application. These infections constitute important challenges concerning
clinical implication of materials. In an effort to overcome such biomaterial-associated infections and
biofilm formation, strategies that involve novel biomaterials have been investigated, such as the
enzyme-mimicking polymer brush-functionalized surface that mimics DNase, an enzyme that
prevents bacterial adhesion and subsequently, biofilm formation. * The natural DNase, however, is
very vulnerable, which impairs its performance in antibacterial applications, but the use of the DNase-
mimicking polymer brushes prolonged its bioactivity. *' Several other approaches to preventing
infections on prosthetic biomaterials are summarized in a comprehensive review, but most of them are

of (fully) synthetic origin and are thus beyond the scope of the present work. *

"  What is the future for biogenic approaches to tackle infectious diseases?
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The field of biogenic and bio-inspired approaches for treatment and diagnosis of infections is
still young and thriving; we see it full of challenges but also promises. Many clinically established
antimicrobial compounds are not efficient (anymore) and new drugs have yet to show
biocompatibility and efficiency. Moreover, their tissue-selective delivery is very important, especially
when antibiotics with strong side-effects come into play. In other fields of drug delivery research,
such as cancer treatment, it can be seen that synthetic nanoparticles may improve the targeted
transport of compounds only to a certain extent. ** Thus, we believe that using physiological, natural,
biogenic systems is safer and possibly more efficient. * Nature has developed and optimized these
principles over millions of years of evolution and the examples discussed in this perspective show us
that specific and selective interaction with target pathogens may be within reach. A bottleneck at the
moment is the isolation and preparation of these nature-derived approaches in a reproducible and up-
scalable manner. Nevertheless, chemical synthesis may never replicate the chemical and biological
complexity of these mechanisms that appear under physiological conditions, indicating that at the
moment we have to rely on the available natural sources (e.g. red blood cells). Advanced
biotechnological approaches for large cell culture and established production techniques for
biomimetic carriers such as liposomes will be of avail when also taking biogenic avenues to the next
step.

Another avenue of circumventing current issues with large scale production of biogenic systems
would be their semi-synthetic bioengineering. We foresee that a combination of nature-derived
systems and clinically established approaches is most promising to succeed in targeting future

challenges in infection research, such as by creating cell-like hybrids *

or by developing
hierarchically organized nano-materials. * Such “joint partnership” has already been recommended
for combining EV avenues with known liposomal principles to render next-generation delivery
systems *” or to even create synthetic exosomes. * Semi-synthetic EV-systems may be obtained in a
biotechnologically controllable manner and would enhance their extended use. The combination of
novel biogenic and bioengineered principles with responsive and intelligent biomaterials is another
prerequisite to transform physiological avenues into real and applicable formulations and systems.

Taking advantage of nature’s exceptional ability to design novel responsive biomaterials to
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specifically target pathogenic bacteria will undoubtedly help to recuperate the anti-infective power of

our current antibiotic arsenal for future anti-infective avenues.
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