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Abstract

Engineered probiotic bacteria represent an innovative approach for treating and detecting a wide
range of diseases including those caused by infectious agents. Antimicrobial peptides (AMPS)

are promising alternatives to conventional antibiotics for combating antibiotic-resistant infections.
These molecules can be delivered orally to the gut by using engineered probiotics, which confer
protection against AMP degradation, thus enabling numerous applications including treating drug-
resistant enteric pathogens and remodeling the microbiota in real time. Here, we provide an update
on the current state of the art on AMP-producing probiotics, discuss methods to enhance gut
colonization, and end by outlining future perspectives.

Keywords

Probiotics; synthetic biology; bioengineering; genetic circuits; antimicrobial peptides; living
medicines

Introduction

The human microbiota is comprised of a wide variety of microorganisms that colonize
surfaces on and inside our bodies, establishing a symbiotic relationship with the host,

which has been termed the holobiont (1). Bacteria are one of the main constituents of the
microbial flora, outnumbering human cells in the body (2). Disruptions in these bacterial
communities (i.e., dysbiosis) have been shown to influence human diseases such as obesity
(3), autoimmune disease (4,5), and even neurological disorders (6,7). Metagenomic analyses
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and large-scale sequencing carried out in the Human Microbiome Project have led to
groundbreaking discoveries on microbiome composition and function (8).

Antimicrobial peptides (AMPs), also referred to as host defense peptides (HDPs), are
produced by a wide range of organisms to confer protection against pathogenic bacteria
and reduce niche competition (9,10). They are short, usually positively charged, and

are produced by either mRNA ribosomal translation or nonribosomal protein synthesis
(11,12). Ribosomally produced AMPs have been investigated for their therapeutic potential
(10,13,14), making them good candidates for recombinant production and rational design
(15-17). Producing AMPs by using biological factories is also cheaper than using standard
chemical synthesis methodologies (18-20). Furthermore, AMPs primarily act by targeting
the bacterial membrane thus reducing the likelihood of bacterial resistance development
(21-23). In contrast, conventional antibiotics are restricted by their limited promiscuity,
which readily selects for bacterial resistance (24). Moreover, AMPs can be highly selective
compared to antibiotics and may be tuned by peptide engineering to favor specificity
towards a particular target bacterial strain (25,26).

In the context of the gut environment, AMPs are produced by commensal bacteria and
intestinal epithelial cells (27). These molecules are thus crucial in maintaining intestinal
homeostasis by modulating microbiome composition and avoiding colonization by enteric
pathogens (27,28). The intestinal microbiota has been reported as a reservoir for drug-
resistant bacteria due to colonization by exogenous bacteria, or via horizontal gene transfer
(29). In hospital settings, drug-resistant enteric bacteria constitute a severe health threat
because they can colonize the microbiota of patients after extended exposure to antibiotics
(29,30). The Center for Disease Control and Prevention (CDC) has identified enteric
pathogens such as Clostridioides Difficile, vancomycin-resistant Enterococci, and drug-
resistant Sa/monella as urgent and serious health threats in the US (31). AMPs arise as

an alternative for treating enteric infections because of their potency, lower probability of
resistance, and potential to be tuned to target select pathogens (25,26,32), which may be
used to prevent dysbiosis. AMPs have been administered dermally to treat skin pathogens,
and intra-nasally or intra-tracheally for the successful treatment of lung infections (25,33).
However, oral delivery of AMPs to the gut is often problematic because these molecules
are susceptible to degradation (e.g., due to proteolytic cleavage and pH gradients) prior

to reaching the site of infection in an adequate quantity, which leads to treatment failure
(30,34).

Probiotics are living microorganisms that when administered in correct amounts confer
health benefits to the host (35). A successful strategy to achieve drug delivery to the

gut involves employing engineered probiotics for localized production and delivery of
therapeutics, also referred to as living therapeutics (36). The goal of these therapies

is to detect an environmental or external signal (e.g. rhamnose, arabinogalactan,
anhydrotetracycline), to then, as a consequence, produce and deliver therapeutics 7n situ
(36). Living therapies have been previously designed to deliver AMPs to the gut (30,37,38)
using different strains of probiotic bacteria as chassis (Fig. 1). This approach holds great
potential because it 1) allows for effective delivery of AMPs to the gut while avoiding
degradation; 2) mitigates potential off-target effects (36,39); and 3) significantly reduces
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AMP production costs as self-replicating probiotics are less expensive than peptides
generated through chemical synthesis (36,38). Here, we review current state-of-the-art
strategies for AMP production using probiotic bacteria. Such approaches have already
been used successfully in animal models and in veterinary practice, and promise to have
applications for human health.

Strategies for antimicrobial peptide production using probiotics

Recombinant protein technologies have historically enabled the production of inexpensive
therapeutic proteins at large scale, which have reached clinical settings (40). One example of
the application of recombinant technology for the production of proteins includes the various
approaches utilized to heterologously express human insulin using £. coli (20). In order to
recombinantly produce AMPs in bacteria, requirements common to any basic expression
system are needed along with certain specific considerations pertinent to the nature of these
peptides (Fig. 2). For example, these peptides may be lethal to the host strain (i.e., chassis),
unstable, and prone to degradation by proteases (41). To address these issues, AMPs have
been produced as fusion proteins using fusion partners (42), or by encoding the entire
natural secretion machinery of the specific AMP within the bacterial chassis, including
immunity genes that prevent host death upon peptide expression (37,38,43). Delivery of
AMPs to the gut has been achieved by expressing and secreting such agents from probiotics
through the use of fusion proteins coupled with secretion sequences (38,44), and by inducing
lysis of the probiotic chassis to enable release of the peptides from within the bacteria
(39,45). Another important consideration when engineering probiotics is the need to devise
biocontainment strategies. Since AMP-producing probiotics have only been used in animals
to date, no biocontainment mechanisms have been programmed within their genetic circuits.
However, moving forward to applications in humans and more sophisticated genetic circuit
designs, biocontainment is expected to be more widely incorporated into living therapeutics.

Biocontainment strategies

An AMP-producing probiotic that disseminates into the environment could cause various
deleterious issues such as contributing to antibiotic resistance or eventually leading to
dysbiosis in other organisms. Therefore, biocontainment strategies must be built-in when
engineering genetically modified organisms (GMO), as shown previously in the case of
probiotics (46). Such strategies can be divided into two main categories; passive and active
mechanisms (47). Common passive mechanisms are often the most simple to implement
and involve deletion of genes encoding for essential amino acids or metabolites, which

are later supplemented exogenously to enable bacterial growth (47,48). These are not
optimal approaches because the auxotrophy can be reverted by cross-feeding from other
bacteria in the environment. Hence, a new generation of passive mechanisms have been
developed by creating strains addicted to non-canonical or synthetic amino acids, which
cannot be supplemented from the surrounding environment (46,49,50). On the other hand,
active mechanisms use more complex genetic circuits to sense the presence or absence of
environmental signals in order to activate a circuit or enable a killing mechanism (36) (Fig.
2c). For example, two families of thermal bioswitches were designed for use in microbial
therapeutics that worked orthogonally and were activated for gene transcription within a
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biologically relevant temperature range of 32° - 46° C (51). In another study, a temperature
sensitive killing mechanism named “cryodeath” was constructed, which relied on the toxin-
antitoxin mechanism CcdB/CcdA. Toxin overproduction occurred at temperatures 22°C or
lower, leading to bacterial cell death. However, this mechanism had an escape frequency of 1
in 10° genetically modified organisms (52) , which surpasses the limits imposed by the NIH
(National Institute of Health) of 1 in 108 (53). Therefore, more efficient killing mechanisms
for microbial therapeutics should be designed. In addition, developing strains with a lower
mutation rate and/or unable to horizontally transfer genetic material constitute additional
levels of containment to be considered when engineering bacteria (54).

Antimicrobial peptide production strategies using probiotics

E. coli Nissle

E. coliNissle 1917 (EcN) is a non-pathogenic strain of £. colithat has been

widely employed as a probiotic given its ability to combat enteropathogens and its
immunomodulatory effects (55). Multiple synthetic biology approaches have been used to
engineer EcN to function as a living therapeutic, and a vast array of genetic tools have been
developed. For example, EcN has been successfully engineered to treat metabolic disorders
like phenylketonuria by expressing enzymes necessary for the conversion of phenylalanine
to phenylpyruvate (56). ECN can also be genetically modified to diagnose diseases. For
example, an EcN platform named PROP-Z was developed for diagnosing metastatic liver
tumors in mice (57) .

The programmability of ECN makes it a convenient chassis for in vivo AMP production
(Table 1), as reported in the literature (37-39,42). EcN has been modified to produce the
AMP human g - defensin 2 (HBD2) in order to treat Crohn’s disease. The AMP was
secreted by means of a fusion protein using the fusion partner YebF and its expression was
under the control of the strong and inducible T7 promoter. YebF carries peptides linked to
its C-terminus outside of the cell and into the medium in £. coli laboratory strains and ECN
(58). The fusion protein was successfully secreted and HBD2 showed antimicrobial activity
(47). Furthermore, EcN has been engineered to produce a class of small AMPs known as
microcins, which target enteric pathogens. A probiotic based therapeutic against foodborne
nontyphoidal Sa/monellain poultry was designed by constructing an expression system that
efficiently secreted microcin J25 under the control of the ProTeOn (59) promoter, which

is induced by addition of anhydrotetracycline. After carrying out a trial using 300 turkeys
with the genetically modified probiotic strain, a significant 97% reduction in the Sa/monella
carriage was observed in the treated group (37). Another study using EcN described an
expression system utilizing the #rBCA promoter from Sa/monella, which is activated by
tetrathionate during gut inflammation. This system enabled production and secretion of
microcin H47, inhibiting Sa/monella growth under anaerobic conditions (43,60). Both of the
previously mentioned studies rely on encoding the natural microcin production machinery,
immunity, and secretion proteins in their respective expression vectors, which protects the
engineered bacteria from toxicity and spares the need to use unnatural signal peptides.

A modular peptide expression system called pMPES allowed for production and secretion
of a variety of AMPs in EcN (38). The vector encodes for the Microcin V (MccV)
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expression system and relies on a strong synthetic promoter, ProTeOn+, which was modified
from ProTeOn (59). Seven AMPs from the MccV secretion machinery were produced and
secreted independently from each construct utilizing the MccV signal peptide, signal peptide
Vsp (SPVsp) or the AMP’s native signal peptide and all of them showed antimicrobial
activity. In those constructs that showed activity against the producer strain (£. co/i Mc1061
F’), the MccV immunity genes were included to prevent AMP-mediated toxicity to the
chassis bacteria. Simultaneous production of two different AMPs from the same construct
was also achieved using the pMPES system (38). In another study, Enterocin A, Enterocin
B, and Hiracin JM79 were produced to target and kill Enterococcus. In this case, the
plasmid pMPES was modified to a reduced version (pMPES2) with a different origin of
replication and an added modular multiple cloning site for rapid peptide insertion. ECN
harboring the pMPES2 vector encoding for the three AMPs and using SPVsp as the signal
peptide significantly reduced intestinal colonization by vancomycin-resistant Enterococcus
in a mouse model (30).

Modules for sensing and production of therapeutic molecules in £. coli may be
compartmentalized using the “sense-kill” mechanism. This approach is based on a
sensing module that constitutively produces the transcription factor LasR, which binds to
the Pseudomonas aeruginosa quorum-sensing molecule homoserine lactone (HSL) (61),
activating the therapeutic modules under the control of the PluxR promoter (activated by
the complex LasR-30C,HSL). The first study using this mechanism consisted on the
HSL-LasR dependent transcription of the AMP pyocin S5 and the lysis E7 protein. In
the presence of HSL, production of both (pyocin S5 and E7 protein) took place upon
reaching the E7 threshold concentration that causes the chassis to lyse, leading to AMP
release to the medium and Pseudomonas aeruginosa targeting (45). This mechanism was
successfully reused in an EcN chassis, whose antimicrobial activity was successfully tested
in Caenorhabditis elegans and mice (39).

Lactic Acid Bacteria

Lactic acid bacteria (LAB) are commonly used in the food industry due to their sugar
fermentation properties (62) and because they are considered to be safe for human
consumption or “food-grade”(63). They are also probiotic strains that constitute promising
candidates for recombinant protein production (62) and therapeutic development because

of their ability to colonize the human gut, survive passage through the Gl tract, and in

some cases efficiently bind to mucus (63). Furthermore, they are natural producers of a

type of AMPs known as bacteriocins (64). In addition, LAB have been shown to have
immunomodulatory effects (65). Lactobacillus and Lactococci are the most widely studied
LAB and, hence, this section will be focused on the relevant advances and tools available for
AMP production pertinent to these genera.

Engineered LAB have been used successfully as living medicines utilizing recombinant
protein technologies to express an array of different molecules. Lactococcus lactis,

for example, has been thoroughly studied for the development of vaccines that elicit
mucosal immunization (65). This bacterium was used to develop a vaccine against human
papillomavirus type 16 (HPV-16) leading to a high immune response in mice by inducible
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expression of the E7 protein, co-expressed alongside a signal peptide for cell wall anchoring
(66). Furthermore, LAB can be leveraged as potential therapeutics for metabolic disorders,
such as hyperoxaluria. Lactobacillus plantarum was used as a chassis to constitutively
produce and secrete oxalate decarboxylase while colonizing the gut to prevent the formation
of kidney stones in rats (67). LAB have also been developed into diagnostics. For example,
synthetic gene circuits were installed into L. /actisin order to detect quorum-sensing
molecules from V/ cholerae and produce p-lactamase as a detectable output that was
visualized by means of a chromogenic substrate in mouse feces (68).

To express AMPs in LAB, similar approaches to those used for ECN engineering have

been adopted (Table 1). In a study, peptides were screened against £. coliand Salmonella,
from which AMPs A3APO and Alysteserin were chosen based on their effectiveness

against the target pathogens and their low activity against the bacterial chassis L. /actis.
Plasmid pMSP3545, optimized for controlled gene expression (69), was used to drive

the production of the selected AMPs under the control of a PnisA inducible promoter

and fused to the signal peptide Usp45 (SPUsp45). The engineered strains achieved up

to 20-fold inhibition of E. coli and Salmonella growth (44). Furthermore, based on the
previous design, a LAB system was created to both inhibit and detect Enterococcus faecalis
(70). The pheromone activated pCF10 system bearing promoter Py from £. faecalis was
utilized. Plasmid pBK2idTZ was tuned for accurate cCF10 pheromone detection from E.
faecalis and tight promoter regulation. Next, genes encoding for three bacteriocins (i.e.,
enterocin A, hiracin JM79, and enterocin P) active against £. faecalis were cloned separately
downstream of the promoter along with SPUsp45 and with their corresponding immunity
genes. A plasmid bearing the three bacteriocins was also constructed. The engineered LAB
inhibited the growth of E. faecalis and E. faecium in vitro, and increased antimicrobial
activity was observed when the three AMPs were expressed from the same construct
simultaneously (71). In a recent study, the pAMJ165 plasmid was used to drive heterologous
expression of a novel chimeric AMP named cLFchimera (lactoferrampin + lactoferricin)

in L. /actis (72). Protein expression in this plasmid was controlled by lactic-acid inducible
p170 promoter (73) and up-regulated by low pH. The signal peptide sp310 mut2 was used

to drive peptide secretion (74). This signal peptide is naturally found in L. /actis but was
genetically modified to improve secretion efficiency. Using this approach, peptide secretion
was successful and the peptide displayed antibacterial, antibiofilm, and antioxidant activities
against an array of food pathogens in vitro (72).

Improving gut colonization by engineered probiotics

Gut commensal bacteria have co-evolved with the human host acquiring an ability to
colonize select niches within the GI tract (75). Probiotic species vary in terms of their ability
to effectively colonize the human gut, which is clearly mirrored in the structure of the gut
microbiome (76). Colonization is mediated by adhesion of bacteria to the mucosal layer that
coats intestinal epithelial cells, through the interaction between host mucin glycoproteins
and cell surface mucus binding proteins (MUBS) present on the colonizing bacteria (77).
MUBs are strain-specific adhesins and account for the base of competitive exclusion taking
place in the microbiota environment, as different resident bacteria compete for binding

to the same mucosal domains (77-79). Hence, establishing persistent colonization of
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living probiotic therapeutics is often a major obstacle when developing successful /n situ
treatments, since engineered microbes are often less competitive colonizers than natural
ones due to the burden imposed by genetic modification (80). This will most certainly be
reflected when AMP production is attempted in humans because some level of toxicity or
burden is expected, even if not lethal to the host bacteria, thus compromising probiotic
survival in the Gl tract. Achieving effective epithelial adhesion and consequent colonization
is key for increasing the transit time of the probiotic throughout the Gl tract, a key step for
ensuring therapeutic success. AMPs have been produced in this context at sufficient levels to
ensure killing of their target bacteria (78). Enhancing gut colonization would reduce the time
needed for the probiotic to exert its therapeutic effect, which is usually high as demonstrated
for AMP-producing probiotics and other living therapies in previous studies (e.g. daily doses
of 5 x108 CFU/mL of engineered bacteria over a period of more than 10 days of treatment)
(30,56). Another challenge to ensure stable gut colonization is that this is a highly strain and
patient-specific phenomenon (80-82). Gut microbiota heterogeneity can be confounded by
numerous factors, including dietary habits (83). It has been demonstrated that supplemented
probiotics, natural or engineered, rarely perdure for more than a week in the human gut,

and typically only achieve brief or no colonization (80,81,84). Thus, modulating the survival
and endurance of engineered AMP-probiotics is critical. Prolonged AMP production is not
expected to cause dyshiosis in the gut microbiome as long as “selectivity” is taken into
account in the genetic design. Thus, the peptide sequence could be engineered to specifically
target a certain pathogen, as has been shown in previous studies (25,26,85), while not
affecting commensal strains. The probiotic may also be carefully designed and engineered
to produce and deliver an AMP only upon encountering an ongoing infection, in which

case it would kill the disease-causing pathogen while avoiding dysbiosis due to prolonged
production (39,45). Furthermore, including a biocontainment mechanism in the genetic
circuit should be considered to eliminate engineered bacteria if and when needed (Fig. 2c).
Different genetic engineering approaches have been developed to overcome deficient gut
colonization by probiotics, as we will outline next.

Mucus binding proteins

Recently, a new method was developed to quantify mucus adhesion in probiotics based

on covalently functionalizing 96-well plates with mucus to generate mucus-binding curves
specific to each bacterial strain tested (80). This technique helps circumvent the confounding
effects encountered with common methods where bacteria have been shown to bind to the
polystyrene as strongly as to the mucus coating (86). Using this technique, researchers found
that commonly engineered probiotics, such as ECN 1917 and L. /actis MG1363, had poor
mucus binding capacities. Engineered L. /actis MG1363 expressing MUB CmbA on its
surface drastically improved mucus binding ability (80). This approach, which overexpresses
MBUs on the bacterial surface, has been used successfully with other bacterial genera to
improve colonization, thus further underscoring the importance of identifying strain-specific
MBUs and genes involved in their expression. Using these principles, Bifidobacteria strains
were modified to express the lipoprotein BopA from Bifidobacterium bifidum, improving
adhesion to intestinal epithelial cells (87) (Fig. 3a).

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mejia-Pitta et al. Page 8

Flagella, fimbriae and pili

Other components of the bacterial cell surface, such as flagella, fimbriae, and pili, mediate
mucus binding (80). These can also be overexpressed to improve probiotic colonization,
depending on the properties of the bacteria and specific strains considered. For example,
EcN was engineered to express F4 and F18 fimbriae from enterotoxigenic £. coli (ETEC)
on its surface, leading to improved adhesion to porcine intestinal epithelial cells compared
to regular EcN (88). However, this also elicited an anticipated immune response against the
synthetic fimbriae since the objective was to confer immunity to ETEC. These results raise
concerns over the immunogenicity of engineered strains due to their augmented superficial
epitopes, a variable that needs to be considered when choosing a mucus-binding molecule
for overexpression (Fig. 3a).

Biofilm formation components

Despite the vast genetic toolbox available for £. coli engineering, its colonization capacity
in humans is noticeably poor (79,84). Mucus binding molecules expressed by this strain are
not well characterized and the theory that flagella mediate mucus binding (89) has been
challenged (80). Expression of foreign MBUs from other probiotic bacteria on the surface
of EcN or exploring alternatives such as biofilm formation, could make EcN a robust and
convenient candidate for living therapeutic development. In fact, overexpression in ECN

of CsgA, the main E. colibiofilm determinant and curli fiber gene, was shown to trigger
biofilm formation (90-92). The versatility of curli fibers was also explored by fusing them
with trefoil factors (TFF) for external anchored expression. This approach conferred £. coli
with increased mucus binding capacity /n vitro (91), but could not be replicated /n vivo with
EcN, likely because expression of the trefoil factor hampered bacterial survival (90) (Fig.
3b).

Synthetic Adhesins

Furthermore, synthetic modular adhesins have been constructed for surface expression in

E. coli. They are composed of the B-chain of intimin and a single-domain antibody, also
known as nanobodies, providing bacteria with high target affinity to specific cell types.
Administration of a low inoculum of engineered E. coli colonized the target tumor tissue /n
vivo (93). Adapting a similar approach for targeting nanobodies toward intestinal epithelial
cells (94), improved adherence of EcN and other probiotics to the Gl tract and enhanced
AMP action and biodistribution (Fig. 3b). Nanobody-displaying probiotic bacteria could also
be engineered to adhere to each other creating a synthetic consortia (95), which could further
boost gut colonization and, ultimately, AMP efficacy.

Persistence enhancing factors

Persistence of bacteria in the Gl tract can also be tuned by genetic modifications to
enhance colonization under stringent environmental conditions. For example, heterogenous
expression of catalase and superoxide dismutase in B. fongum improved its viability upon
encountering oxidative stress (96). In addition, expression of the Listeria monocytogenes
bile resistance mechanism in Bifidobacterium and Lactococcus boosted their survival in
the murine Gl tract (97). Also, a urease cluster has been described in Lactobacillus reuteri
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whose main function is withstanding the presence of high levels of gastric acid through
hydrolysis of urea in gastric acid. This cluster may be produced in other bacteria or
overexpressed, for example, in L. reuterito improve persistence in the Gl tract (98) (Fig.
3d).

Finally, the gut microbiota is greatly influenced by diet since microbial species can utilize
different nutrients from ingested food to promote their growth (99). Hence, the colonization
and propagation of a particular strain or species can be modulated by certain types of

diets. One example is the manipulation of communities in mouse models formed by
Bacteroides, a major genera in the human microbiota, by the implementation of fructan
selective diets. Providing mice with a B2-1 fructan diet shifted the Bacteroides population
towards B. caccae, whereas a diet rich in B2—6 fructans skewed the community towards B.
thetaiotamicron (100) (Fig. 3c). The intrinsic ability of Bacteroides strains to grow in the
presence of certain carbohydrates is facilitated by gene clusters, known as polysaccharide
utilization loci (PULS), that vary between strains (101). Exploring similar pathways in
probiotic bacteria could help enhance gut colonization by specific prebiotic supplementation
(102).

Future perspectives

The expansion of synthetic biology tools to probiotic bacteria has enabled their genetic
manipulation and triggered the development of living medicines. Engineered probiotic
therapies should be able to produce a therapeutic molecule on demand and achieve Gl

tract colonization and integration into the resident microbial community. Producing AMPs
in situin the gut represents an exciting avenue for treating infections and potentially other
diseases in animals and, ultimately, in humans. The model probiotic bacteria ECN and

LAB have been used as chassis for AMP production in several studies and thus the toolkit
of expression vectors and characterized biological parts for these bacteria are extensive.
However, other commensals for which tools do not yet exist, such as those belonging to the
genera Clostridium and Bacteroides, present more desirable therapeutic properties such as
Gl tract persistence and colonization capacity. In addition, developing tools for engineering
commensal bacteria that colonize other organs, such as the lungs or skin, would open new
avenues for peptide delivery to target pathogens that cause respiratory or skin infections.

Consequently, it is crucial to expand the synthetic biology toolset to include these non-model
bacteria. Other approaches towards peptide production and secretion are yet to be explored,
ranging from using bacterial nanocompartments to self-cleaving intein fusion partners. For
instance, cell wall-anchored AMPs could be produced as long as they do not act against

the chassis bacteria and while ensuring the peptide remains active upon being tethered to

the membrane. Production of membrane-anchored and active AMPs was achieved in £.

coli and other Gram-negative bacteria through the use of engineered peptides with tethers
that were sufficiently short to prevent interactions with other bacteria (103). Engineering

a longer tether could enable activity against other bacteria by allowing interaction of the
tethered AMP with the membrane of the targeted bacteria. Furthermore, advances in the
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production of non-standard amino acids (49) could pave the way towards engineering
probiotic pharmacies that generate AMPs containing D-amino acids with improved stability
and potency (104). AMP-producing living medicines have the potential to treat enteric
pathogens, and may be promising tools for microbiome engineering if peptide sequences
targeting specific commensal bacteria are developed. Thus far, AMP-producing probiotic
technology has only been used in animal models and veterinary practice. However, we
expect this area of study to acquire great relevance in the coming years as living therapeutics
are developed for the treatment of enteric infections or to engineer the microbiome.
Applications in humans would require additional safeguards such as biocontainment
mechanisms and the establishment of regulations to prevent misuse (e.g. specific Food

and Drug Administration guidelines) as established for other probiotics (105) and AMPs in
medical settings (106).
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Living therapeutic oral AMP activity in the gut against enteric AMP production and secretion
administration pathogens or gut commensals from engineered probiotic
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Figure 1. Mechanism of action of an ideal AMP-producing living therapeutic.
The engineered probiotic living therapeutic is administered orally (left panel). Upon

induction or constitutively, the probiotic will produce and deliver the desired AMP (light
blue) to the gut lumen (right panel). The AMP should have specific activity against a
bacterial strain in the gut for pathogen (blue bacteria) eradication or microbiota composition
remodeling /n situ (middle panel).
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Figure 2. Strategies for AMP production using probiotics.
a) To improve stability of the AMP and avoid toxicity to the chassis, strategies such as

producing AMPs as a fusion protein and encoding the natural AMP processing machinery
in the chassis, incuding the immunity genes, have been used. b) To achieve delivery of
AMPs to the gut environment from the probiotic chassis, strategies such as expressing the
AMP fused to a strain-specific signal peptide for secretion and implementing a bacterial
lysis mechanism have been used. In the latter, lysis proteins will be produced by the bacteria
until a threshold is reached causing bacterial lysis and AMP release in the gut. c) Next-
generation AMP-probiotics should ideally have a biocontainment mechanism that prevents
dissemination into the environment. Some of these include bacterial killing mechanisms,
which consist in the production of a toxic gene in the bacteria (purple), in this case triggered
by the absence of certain externally supplemented molecule (orange).
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Figure 3. Strategies to improve gut colonization of engineered probiotics.
a) Overexpression of mucus binding proteins (light blue), such as CmbA (79) or BopA

(85), and other bacterial surface components such as fimbriae, pilli or flagella (purple) (86).
b) Expression of engineered biofilm formation (green) components or synthetic adhesins
(dark blue and yellow) on the bacterial surface (88-91). ¢) Use of specific diets rich

in prebiotics, such as fructans, that favor growth of certain bacterial strains (98,99). d)
Overproduction of genes that encode for enzymes that counteract the stress conditions that
the probiotic encounters through their passage along the Gl tract, enhancing their survival
and proliferation potential. For example, overexpression of catalase (red) to withstand
oxidative stress (94,95,96).
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Toolbox of plasmids for engineering probiotic bacteria to produce AMPs, as discussed throughout the text.

Bacteria Plasmid name Characteristics References
Contains yebF and peptide MHBD2
pEAS106 Encodes for YebFMHBD2 fusion protein 47
Promoter: T7
Contains the Microcin J25 expression machinery (mcjABCD)
PBF25 Promoter: ProTeOn (36)
Tetrathionate-induced production of Microcin H47
ptrMcH47 Promoter: ttrBCA (41,59)
Escherichia coli Nisde Modular peptide expression system

pMPES Includes MccV secretion machinery (37)

Promoter: ProTeOn+
pMPES2 Reduced version of pMPES2 with a modular cloning site for peptide insertion (30)

Contains “sense-Kill circuit” in E. coli Nissle
SED Constitutive expression of LasR (42)
P Induced expression of S5 pyocin, E7 lysis protein and Dispersin B
Promoter: LuxR
Optimized for controlled gene expression
pMSP3545 Promoter: PnisA (42,68)
Signal peptide: Usp45
. . . Tuned for accurate cCF10 pheromone detection and tight promoter regulation

Lactic Acid Bacteria pBK2idTZ Promoter: Pq (70)

Signal peptide: Usp45

Promoter: P170

PAMJ1E5 Signal peptide: Sp30mut2 (1)
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