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Abstract

The microbial community that lives on and in the human body exerts a major impact on human
health, from metabolism to immunity. In order to leverage the close associations between microbes
and their host, development of therapeutics targeting the microbiota has surged in recent years.
Here, we discuss current additive and subtractive strategies to manipulate the microbiota, focusing
on bacteria engineered to produce therapeutic payloads, consortia of natural organisms and
selective antimicrobials. Further, we present challenges faced by the community in the
development of microbiome therapeutics, including designing microbial therapies that are adapted
for specific geographies in the body, stable colonization with microbial therapies, discovery of
clinically relevant biosensors, robustness of engineered synthetic gene circuits and addressing
safety and biocontainment concerns. Moving forward, collaboration between basic and applied
researchers and clinicians to address these challenges will poise the field to herald an age of next-
generation, cellular therapies that draw on novel findings in basic research to inform directed
augmentation of the human microbiota.
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1. Introduction: Host-Associated Microbial Communities

The human body is home to a diverse community of symbiotic, commensal and pathogenic
microorganisms, collectively known as the microbiota. These bacterial, viral and eukaryotic
communities exist on all environmentally exposed sites in the body, including the skin,
nasopharynx, oral cavity, respiratory tract, gastrointestinal tract and female reproductive
tract. Community composition is largely phylogenetically conserved across healthy
individuals for a given body site [1]. The intimate association between man and microbe
over the course of a lifetime has profound implications on human health, including
metabolism, immunity and the gut-brain axis. Recent technological advances in next-
generation sequencing technology has enabled elucidation of the pleiotropic effects of
microorganisms on the human host. These beneficial associations make the microbiota an
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attractive avenue for engineered cell-based therapeutics that can interface with the human
body. For example, communities of bacteria could be assembled to counter pathogenic
invasion or subtractive technologies such as phages could be used to delete specific
undesirable members of human-associated microbiota. In addition, with the advancement of
synthetic biology and developments in precise and robust manipulation of living cells, the
vision of engineered microbes that can sense and remedy disease by producing therapeutic
molecules or degrading toxic metabolites /n7 situ is on the horizon.

2. Effects of the Gut Microbiota on the Host

A major focus of human microbiome research has been studying the bacteria in the gut,
which represent the largest community both in terms of abundance and diversity [1]. Initial
colonization occurs at birth and the mode of delivery (i.e. vaginal or Caesarian section)
influences the founding community [2]. Early-life events, such as transitions in diet [3] and
antibiotic use [4], shape the volatile infant microbiome, which stabilizes with age. The
composition of the adult human gut microbiota is generally dominated by strict anaerobes,
members of the Firmicutes and Bacteroidetes phyla, followed by Proteobacteria and
Actinobacteria [1]. The constellations of microbes that make up an individual’s microbiome
are highly unique, with only up to 30% conservation of strains shared among unrelated
individuals [5].

The adult gut microbiota is highly resilient to minor perturbations. For instance, the
individual gut microbiome was determined to be 60% conserved at even the strain level over
the course of five years, with members of the phyla Bacteroidetes and Actinobacteria being
the most stable [5]. This longitudinal stability, in combination with the great interpersonal
diversity of the microbiome, permits identification of >80% of individuals by their unique
‘microbial fingerprint’ [6]. Despite its stability, large insults, such as antibiotic treatment [7]
or the onset of disease [8], can lead to dramatic changes in the composition of the gut flora.
Additionally, host genetics, diet and environment are major contributing factors shaping the
community [9,10]. Studies in humans [11] and mice [12-14] have shown that the microbiota
responds to major changes in diet that reflect nutritional intake. Moreover, the importance of
host genetics is reflected by the higher concordance in microbiome composition between
monozygotic versus dizygotic twins [15], though mouse studies have suggested these host
genetics effects can be eclipsed by diet [13].

Defining the ecological rules that govern colonization and succession in the microbiota will
be paramount in designing microbiota-based therapeutics. Moreover, microbiota-based
therapeutics that are robust to the great interpersonal diversity and plasticity of an
individual’s microbiome will be a major challenge moving forward. Approaches to tackle
this problem may include identifying and engineering bacteria that are stable and dominant
in the microbiota, assembling cocktails of bacteria that maintain a desired function despite
variations in underlying constituent species, or building distinct sets of bacterial therapies
customized for different microbiota profiles for which patients can be screened.
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2.1 Metabolism

At the community level, the collection of microbes that inhabit the gut plays a key role in
human metabolism. Early observations recognized the relative proportions of Bacteroidetes
to Firmicutes as a microbial signature of obesity in mice, where an obese-associated
microbiota displayed an increased capacity for energy harvest [16,17]. Notably the increase
in total body and fat mass, as well as the associated metabolic phenotypes, was transferrable
by transplantation of obese-associated flora into germ-free mice devoid of any microbial
inhabitants [17,18]. Similarly, studies on the gut microbiota of twins discordant for
kwashiorkor, a severe form of acute malnutrition, demonstrated that transplantation of a
kwashiorkor-associated microbiota into germ-free mice leads to a rapid decrease in body
weight and metabolic phenotypes associated with malnutrition [19]. The microbial
community that inhabits the gut is therefore an additional factor that can be modified to
affect metabolism and the interested reader is referred to thorough reviews on this topic [20-
22].

At the molecular level, microbially derived metabolites have been shown to directly or
indirectly modulate host metabolism. A major metabolic role of the gut flora is the
conversion of ingested dietary fiber and host mucosal glycans into short-chain fatty acids
(SCFAs), which include acetate, propionate and butyrate [20]. SCFAs mediate a multitude of
beneficial effects on the host. Butyrate serves as a primary energy source to colonic
epithelial cells [23,24] and increases gut barrier integrity through stabilization of hypoxia-
inducible transcription factor [25]. Moreover, SCFAs can modulate host gene expression in
mice through inhibition of histone deacetylases [26] or through G-protein-coupled cell
surface receptor signaling [27,28]. This signaling modulates gut motility [28,29] and
stimulates intestinal gluconeogenesis [30], secretion of glucagon-like peptide 1, leptin, and
peptide Y'Y [28,31]. In addition to SCFAs, microbial synthesis of vitamins, including
vitamin B12 [32], as well as metabolism of bile salts [14] can impact host nutrition and
physiology. Furthermore, the gut microbiota, in concert with hepatic enzymatic activity,
participates in the conversion of dietary phosphatidylcholine and L-carnitine into
trimethylamine N-oxide (TMAO), a molecule strongly correlated with atherosclerotic heart
disease in humans [33,34]. TMAO production in mice is dependent on an intact microbiota
[33] and transferrable by microbiota transplantation [35]. Inhibition of microbial enzymes
involved in TMAOQ production has been shown to be an effective means of treating
atherosclerosis in mice, suggesting that inhibitors of microbial enzymatic activity could be
potential therapeutics for host diseases [36]. In the light of the important metabolic role of
the microbiome, microbes could potentially be engineered to better regulate energy balance,
to synthesize vitamins and other beneficial molecules, and to inhibit the production of or
detoxify toxic by-products.

Just as the gut microbiota metabolizes carbohydrates, proteins and lipids ingested by the
host, bacteria in the gut interact with compounds foreign to living organisms, known as
xenobiotics [7]. While these interactions often only result in mild changes in gene
expression in gut microbes [7], microbial activity can disrupt the intended activity of host-
targeted drugs. For example, Eggerthella lenta, a gut actinobacterium, can reduce the cardiac
drug digoxin, thereby inhibiting its pharmacological activity [37]. While the presence of £.
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lenta is not necessarily predictive of digoxin reduction /n vivo [37], recent work has
elucidated the operon responsible for drug inactivation, which can act as a better predictor
[38]. Repression of this operon through supplementation of arginine or dietary protein can
increase serum levels of active digoxin in mice [38]. Additionally, bacterial p-
glucuronidases interfere with the efficacy of the colon cancer chemotherapeutic CPT-11 by
reactivating the drug in the intestine, resulting in an increased toxicity that can be reversed
through small molecule inhibition of B-glucuronidase activity [39]. The metabolic activity of
microbes in the gastrointestinal tract can thus greatly affect the /n vivo function of
conventional therapeutics, suggesting that pharmacology should be viewed through both the
lens of human and microbial metabolism. Synthetic biology and other approaches can
provide technologies for removing specific bacterial species from microbial communities to
study their metabolic function /in situ as well as the ability to engineer new metabolic
functions into microbial chassis to investigate potential impacts on the microbiota. Thus,
characterization and control of microbial metabolic activity could be a means to predict drug
efficacy and create better therapies.

2.2 Immunity

The homeostatic association of the human body with trillions of microbes demands a
continuous dialogue between the host immune system and the microbial flora, which has
been thoroughly reviewed elsewhere [40-42]. In both the small and large intestine,
commensals are kept in check through a thick mucosal layer, gradients of antimicrobial
peptides and mucosal IgA antibodies [40,43]. The immune system helps dictate the diversity
and structure of host-associated microbial communities as deficits in immune function, such
as HIV infection [44], B cell depletion [45] or chronic inflammation [8,46], alter the
composition of the microbiota, which can, in turn, affect disease progression. The gut flora
and their associated metabolites strongly influence the immune system in both health and
disease. Inflammatory bowel disease (IBD) is thought to be caused by a combination of
environmental, genetic and microbial factors [43]. Indeed, there is a strong association
between constellations of microbial taxa in patients with IBD compared to healthy subjects
[8,47]. Certain microbially derived products, such as polysaccharide A from Bacteroides
fragilis [48,49] and butyrate from Clostridial spp. [50-52], have been shown to be protective
in colitis through the induction and maintenance of peripheral regulatory T cells (Trgg)-
Similarly, protein antigens produced by segmented filamentous bacteria have been
demonstrated to robustly induce T17 responses [53,54]. While these microbe-host immune
interactions are predominant in the gut, the effects can manifest systemically. For example, a
depletion in certain microbial taxa in the infant gut, including Lachnospira, Veillonella,
Faecalibacterium, and Rothia, is a risk factor for childhood asthma [55], while colonization
of mice with spore-forming Clostridial species can protect against food allergy sensitization
[56]. The interaction between microbe and host is a powerful determinant in the
development of a healthy, balanced immune system and could thus be exploited as an avenue
for immune therapies.

Bacteria in the gut can also indirectly modulate immune function through interactions with
invading pathogens [57,58]. The capacity of the normal flora to defend against pathogenic
invasion is referred to as colonization resistance and is founded on either competition for

Aadv Drug Deliv Rev. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mimee et al. Page 5

limited resources or microbial warfare. Ablation of the gut microbiota through broad-
spectrum antibiotics predisposes individuals to opportunistic pathogens, including
Clostridium difficile, that are normally kept at bay by commensal microbes [59].
Endogenous and probiotic strains of Escherichia coli can protect against Salmonella
Typhimurium infection in mice by scavenging iron necessary for a productive infection [60].
Furthermore, the presence of Clostridium scindens can defend against recurrent C. difficile
infections through the synthesis of secondary bile acids toxic to C. difficile [61]. Bacteria
also possess an arsenal of molecular weapons, such as bacteriocins, microcins and Type VI
secretion systems [62] that can exclude competing invaders from a community [57]. While
antagonistic interactions help prevent pathogens from entering the microbiota, some
interactions have been shown to exacerbate infection. For example, in mono-colonized mice,
Bacteroides thetaiotaomicron can forage sialic acid from mucosal glycans and generate
succinate, which can then serve as a carbon source for C. difficile during infection [63,64].
Thus, bacteria-bacteria interactions can have consequences for the host in which they occur.
Elucidating communities of microbes that are recalcitrant to pathogenic invasion could pave
the way for the rational design of consortia that exclude pathogens and prevent infectious
diseases [58,61].

2.3 Gut-Brain Axis

Strikingly, the impact of the gut flora on the host reaches beyond the gastrointestinal tract to
the brain, where microbially derived metabolites can influence neuroendocrine function and
behaviour [65-67]. As mentioned above, in mice, butyrate produced by the microbiota
modulates levels of neuropeptides that govern satiety, such as leptin and peptide Y'Y [28].
The metabolic activity of mouse-associated bacteria can also influence circulating levels of
neurotransmitters, such as serotonin [68], and bacterial enzymes are capable of directly
synthesizing the neurotransmitter tryptamine [69]. Together, these endocrine effects can
manifest in changes in behaviour. Germ-free mice display higher levels of anxiety-related
behaviours compared to conventional mice, which is attributed to higher levels of circulating
ACTH and corticosterone [70]. Moreover, in mouse models of autism spectrum disorders,
correction of a dysbiotic microbiota through administration of B. fragilis can lead to a
reversal in behavioural abnormalities [71].

3. Efforts to Harness and Engineer the Microbiota

As a decade of research has solidified the importance of the microbiome on human health
and disease, recent efforts have sought to capitalize on this interaction to create microbiome-
based therapeutics. These approaches can be classified into three major paradigms: additive,
subtractive or modulatory therapies. Additive therapy includes the supplementation of the
host microbiota with either individual strains (Fig. 1a) or a consortium of natural or
engineered microorganisms (Fig. 1b). Subtractive therapy refers to the specific elimination
of deleterious members of the microbiome to cure disease (Fig. 1c). Finally, modulatory
therapies involve administration of non-living agents, or prebiotics, to modulate the
composition or activity of the endogenous microbiome. Probiotics and prebiotics constitute
the first generation of microbiome therapies and have been reviewed extensively elsewhere
[72-76]. Here, we will focus on the next-generation of microbiome therapeutics using
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recombinant probiotics, designed microbial consortia and selective antimicrobials. Thus far,
therapeutic bacterial consortia have been primarily composed of natural strains, whereas
genetically engineered bacteria have mainly been delivered as monotherapies. However,
moving forward, genetically modified communities may be developed that can incorporate
the diversity and robustness of microbial consortia with the added efficacy and
controllability of synthetic gene circuits. We will first discuss recent advances in the
development of microbiome therapeutics and later the outstanding challenges faced in
translating the potential of the microbiota to real-world therapies.

3.1 Genetically Engineered Probiotics

Probiotic therapies are founded on the rationale that naturally occurring human-associated
microbes provide a myriad of health benefits. Indeed, oral ingestion of Lactobacillus spp., E.
coli and Bifidobacterium spp. has been clinically shown to remedy a wide variety of diseases
[77-80]. Recent efforts seek to augment the natural benefits of probiotics through
recombinant expression of therapeutic biomolecules. Implementation of cells as vehicles of
drug delivery could enable continuous /7 situ production of biotherapeutics that could
overcome issues such as bioavailability and drug inactivation associated with oral
administration. Synthesis of protein therapeutics could be conditioned upon the detection
and integration of specific environmental cues related to disease. This conditional, on-
demand drug release is a particularly attractive advantage of cell-based therapeutics that
could enable entirely new pharmacological paradigms. If the therapeutic organism can stably
colonize the host, the engineered microbe could dynamically correct perturbations caused by
disease to restore homeostasis in the host. Realization of this vision of fully autonomous
‘smart’ cell-based therapeutics is still forthcoming. However, recent efforts have
demonstrated the efficacy of cell-based bacterial therapeutics in preventing infection,
resolving inflammation and treating metabolic disorders.

Natural colonization resistance conferred by native members of the normal flora has been
augmented through cellular engineering. Duan et a/. explored the prophylactic use of
probiotic £. coliNissle 1917 engineered to inhibit virulence of Vibrio cholerae in infant
mouse models [81]. Virulence of V/ choleraeis in part coordinated by extracellular quorum
sensing molecules, which modulate gene expression in a density-dependent manner. When
bacterial numbers are low, V/ cholerae expresses virulence factors necessary for the
establishment of infection; when numbers are high, virulence factor expression is repressed
to allow escape from the host. £. coliwas engineered to crosstalk with quorum sensing and
thereby inhibit productive infection. Administration of therapeutic cells resulted in an
increase in survival and a concomitant decrease in bacterial burden and cholera toxin
expression. Similarly, Lactobacillus jenseniiwas genetically modified to prevent
transmission of chimeric simian/human immunodeficiency virus (SHIV) in a rhesus
macaque model (Fig. 2a) [82]. Bacteria were engineered to produce the antiviral cyanovirin-
N. Prophylactic treatment of macaques decreased both the occurrence of SHIV following
multiple challenges as well as the peak viral load. Engineered bacteria could thus serve as
treatments for both bacterial and viral infections.
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IBD has drawn particular attention as a compelling candidate for cell-based therapeutics,
due to the implications of the gut microbiota in disease and the lack of long-term, cost-
effective treatments [43]. Early work explored the use of Lactococcus lactis engineered to
constitutively secrete recombinant interleukin-10 (IL-10), a potent anti-inflammatory
cytokine depleted in IBD (Fig. 2b) [83]. Using both chemically and genetically induced
mouse models of colitis, Steidler et al. demonstrated that recombinant microorganisms could
be implemented to reduce pathology and suppress pro-inflammatory cytokine secretion [83].
Phase | clinical trials also showed that recombinant L. /actis treatment was well-tolerated in
a small Crohn’s disease cohort, although efficacy was modest [84]. IL-10-secreting L. /actis
were further modified to produce either the auto-antigen proinsulin [85] or glutamic acid
decarboxylase-65 [86] for treatment of autoimmune diabetes. When administered in
conjunction with anti-CD3 therapy, both recombinant organisms were able to induce
tolerance, increase numbers of regulatory T cells and reverse hyperglycemia in mice [85,86].
Microbial expression of other anti-inflammatory cytokines, such as transforming growth
factor-p1 [87] and anti-tumor necrosis factor a Nanobodies [88], as well as the tissue repair
factor keratinocyte growth factor-2 [89], have been shown to be protective against colitis in
murine models of IBD. In addition, production of the protease inhibitor Elafin from lactic
acid bacteria was shown to restore proteolytic homeostasis in mouse models of colitis and
protect against inflammation [90]. Recombinant bacteria have also been implemented for
treating oral mucositis, a condition involving ulcerative lesions that is a common side effect
of chemotherapy. Topical application of L. /actis engineered to secrete trefoil factor-1 was
effective at treating oral mucositis in hamster models [91] and early clinical trial data
indicate that treatment is well-tolerated and could be effective at reducing incidence [92].
Together, these studies suggest that recombinant cellular therapies could be viable
therapeutic agents to treat inflammatory diseases.

Integration of recombinant microbes into the host microbiome has also seen success in
treating metabolic diseases, such as obesity and diabetes. Daily feeding of probiotic £. coli
engineered to synthesize precursors of anorexigenic lipids reduced obesity, adiposity and
food intake in mice fed a high-fat diet (Fig. 2c) [93]. These protective effects were sustained
weeks after cessation of bacterial treatment [93]. Moreover, Lactobacillus gasseriwas used
as a vehicle for delivery of GLP-1, a protein able to induce conversion of intestinal epithelial
cells into insulin-producing cells [94]. Administration of the engineered probiotic increased
the numbers of intestinal insulin-producing cells and decreased hyperglycemia in a rat model
[94].

3.2 Engineered Consortia

Engineering the microbial community as a whole is an alternative strategy that has seen
tremendous clinical success for treatment of recurrent C. difficile infections. Infusion of
stool from healthy donors to diseased patients, termed a fecal microbiota transplant, boasts
greater than 90% efficacy in resolving recurrent infections [95] and is more than twice as
effective as antibiotic treatment alone [96]. Despite their clinical success, fecal microbiota
transplants draw safety concerns for fear of introducing pathogens or opportunists that could
exacerbate disease [97]. A regulatory framework and strict screening guidelines for donors
has been established [97], but deciphering the minimal subset of therapeutic microbes has
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been a focus for mitigating safety concerns and increasing the reliability of treatments [98].
Aside from recurrent C. diifficile infections, many believe fecal microbiota transplants hold
promise in treating IBD [99] and early trials showed modest success [100,101]. However,
due to the more complex nature of disease and a higher incidence of adverse events, more
trials are necessary to establish stool transplants or infusions of defined microbial
communities as a viable treatment option for IBD [101]. The identification and tailoring of
microbial communities that can address the complexities of human disease and the diversity
of human-associated microbiota will remain an ongoing challenge in the development of
microbiota-based therapeutics.

In mouse models, microbiota reconstitution has proved successful in altering community-
wide metabolic activity of urea (Fig. 2d) [102]. In the gut, urea produced by the liver is
converted to ammonia and carbon dioxide by bacterial ureases. Accumulation of systemic
ammonia is associated with neurotoxicity and encephalopathy in patients with liver
deficiency. Following depletion of the endogenous microbiota using antibiotics and
polyethylene glycol as a purgative, Shen et a/. could transplant a defined microbial
community with low urease activity that remained stable for months [102]. In a hepatic
injury model, the redefined microbiota increased survival and protected against cognitive
defects associated with hyperammonemia. This study demonstrates the feasibility in
rationally sculpting a host-associated microbial community to protect against metabolic
diseases.

3.3 Subtractive Approaches

Subtractive therapies may employ chemicals, peptides, or even replicating entities to remove
bacteria from the gut with varying degrees of specificity. In medicine, this is currently
accomplished through the use of antibiotics, which tend to be broad-spectrum in nature,
exhibiting activity towards many different bacteria. As a result, treatment of a patient aimed
to remove an infectious pathogen also leads to the unintended reduction of other members of
the microbiota. This community shifting may cause the patient to become susceptible to
other temporary or chronic conditions to which they are normally protected, including
antibiotic-associated infections with C. difficile. The development of targeted antimicrobials,
such as bacteriocins and bacteriophages, could yield more effective subtractive therapies.

Bacteria that occupy overlapping niches need to compete for the same resources.
Bacteriocins are ribosomally synthesized antimicrobial peptides that are produced by
bacteria and may help gain an edge over competitors by exhibiting toxic activity towards
susceptible cells. A producer cell encodes both toxic and immunity functions, killing
neighbouring cells while protecting itself and its progeny from the effects of the bacteriocin.
Recent studies have used metagenomics to identify bacteriocins [103,104], shown potential
fitness advantages of producers /n vivo [105], and observed protective effects of producers
against pathogens [106,107]. As these molecules seem to play a role in modulating
microbial populations within a host, they may prove useful tools for subtractive-type
therapies.

Bacteriophage therapy is a highly specific method of killing bacteria through the use of
natural or engineered viral parasites. Bacteriophages, or phages, are viruses that infect
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bacteria and use cellular resources to produce progeny, generally killing the bacterial host in
the process. Discovered approximately 100 years ago [108,109], the application of phages as
antimicrobials has seen a renewed interest with the growing threat of antibiotic-resistant
pathogens [110,111]. Though early phage therapies targeted intestinal pathogens [112],
clearance issues have recently been reported wherein bacterial and phage populations stably
coexist in the murine gut [113,114]. Knowledge attained from research into the ecology of
phages in the gut may be pivotal in determining factors that lead to successful therapies in
this complex ecosystem.

A newer focus of the field is to examine the natural role of these viruses in shaping host-
associated bacterial populations [115]. Metagenomic research of the human microbiome has
described the fecal virome of both healthy and diseased donors. These studies include
measuring phage diversity, variability, and stability [116], and analyzing changes associated
with diet [117] or IBD [118] in humans, or antibiotic treatment in mice [119]. For example,
a study of the viromes of monozygotic twins and their mothers revealed high interpersonal
variation of virome composition, but low intrapersonal diversity that was dominated by
temperate phages, or those that can exist in a silenced life cycle within bacteria [116] Diet
has been identified as one factor that affects the viral community, as putting human subjects
on a controlled diet altered community structure and resulted in a level of convergence for
individuals on the same diet [117]. Interestingly, whereas IBD correlates with a reduced
level of bacterial diversity, multiple cohorts have revealed a concomitant increase in
bacteriophage richness, specifically those belonging to Caudovirales [118]. To explore
phage-bacterial host dynamics, gnotobiotic mice were seeded with a defined, 15-member
human commensal community and challenged orally with virus-like particles (VLPSs)
purified from healthy human donors. In this study, the authors made several interesting
observations, including an increase in specific phages correlating with a transient decrease in
specific bacteria, different phages and bacteria showing non-simultaneous temporal
population dynamics, and evidence of phage resistance likely due to ecological, rather than
genetic, factors [120]. These types of comparison and challenge studies should continue to
yield important information useful for designing phage-based strategies for targeting
pathogens or altering microbial communities in the gut, particularly in regards to
determining the factors that lead to transient versus stable community rearrangements.

Engineered phages, or those modified to carry additional or alternative functions to those
naturally occurring, may prove useful for therapeutics as design can be informed by new
knowledge. Recently, it was found that certain phages possess Ig-like protein domains on
their capsids that enhance association with mucus [121]. This or alternative localization
domains may be useful for improving residence time in the gut or helping concentrate
phages to relevant biogeographies. Phage engineering efforts have included altering host
adsorption factors to change host range [122] or encoding a dispersal enzyme to help break
up bacteria in protective biofilms [123]. Phages have also been used as DNA delivery agents
to reverse antibiotic resistance [124,125] or to exert broad-spectrum [126-128] or sequence-
specific [129,130] antimicrobial activity. Additionally, genome engineering and tools such as
CRISPR-Cas [131] and assembly methods including Gibson [132] and yeast [122] assembly
should prove useful for the development of new phages with augmented capabilities in
modulating microbial communities. We believe that the use of natural or engineered phages
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as therapeutics for microbiota-related diseases has been understudied relative to the
complementary modality of introducing natural or engineered microbes, and thus represents
a fascinating area of investigation.

4. Challenges and Outlook in the Development of Microbiota-Based

Therapeutics

Advances in synthetic biology and the understanding of the ecology of host-associated
microbial communities have accelerated the development of microbiota-based therapeutics.
However, in order to effectively translate this early work into the clinic, we must address
numerous challenges. Many of the advances in the development of microbiome therapeutics
have been demonstrated in rodent models and their generalizability to humans, due to the
fundamentally different nature of their respective microbiomes, has yet to be tested in a
comprehensive fashion. Fundamental understanding of the forces that shape host-associated
microbial communities and mediate host-bacterial interactions is essential for the rational
design of microbiome therapeutics. The development of clinically relevant biosensors and
stable, robust genetic circuits would help realize the vision of fully autonomous cellular
therapies. Finally, cognisance of regulatory, biocontainment and safety issues during
research of novel therapeutics are needed to help hasten translation of basic research into the
clinic.

4.1 Stable Engraftment

A comprehensive understanding of the rules which govern invasion, resilience and
succession in a host-associated microbial ecosystem is crucial for the development of long-
term cell-based therapies (Fig. 3a). Indeed, for some applications, stable colonization of
recombinant microbes or microbial communities may not be necessary for treatment of
disease if cells can exert their intended function during transit through the intestine. For
instance, many current efforts for recombinant therapies have employed L. /actis, a
bacterium that does not colonize the mammalian intestine, as a chassis for therapeutic
protein production [84-86,88,92]. Likewise, the common chassis, £. coli Nissle 1917, shows
greatly variable colonization capacity in different healthy individuals following daily
probiotic treatment; fewer than 50% of volunteers became decolonized two weeks after
cessation of treatment, whereas the probiotic was detectable by PCR in the stool of only
17.5% of volunteers after 6 months [133]. However, stable engraftment of cell-based
therapies into the endogenous microbiota may increase the efficacy of treatment and enable
the development of long-term, fully autonomous, disease-responsive therapies.

Further studies into the ecological principles that underpin the human microbiome are
necessary for rational manipulation of microbial communities. Seedorf et al. explored
successive colonization of germ-free mice with microbial communities from diverse habitats
to elucidate patterns of invasion in pre-established communities [134]. Pooled screens for
identifying the genetic determinants of colonization and resilience in Bacteroides spp. have
revealed the importance of carbohydrate [135-137] and cofactor [138] metabolism as well
as resistance to antimicrobial peptides [139]. Importantly, pairing additive approaches with
subtractive or modulatory ones could yield more reliable and stable engraftment into the
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microbiome. Targeted antimicrobials, such as bacteriophages, or dietary supplementation
with prebiotics could open niches for therapeutic microbes to occupy. As the gut microbiota
is a complex ecological community, assimilating these biological findings into predictive
systems biology models [140,141] will greatly facilitate the creation of microbiota-based
therapeutics.

Different therapeutic applications should demand different chassis organisms for cell-based
therapies (Fig. 3b). To date, £. co/iNissle 1917 [81,93], L. /actis [84-86,88,92],
Lactobacillus spp. [82,90,94] and Bacteroides spp. [87,89,142] have served as vectors for
cell-based therapies. While L. /actis cannot colonize the intestine, £. coli and Lactobacillus
spp. tend to be enriched in the small intestine, whereas Bacteroides spp. reside in the cecum
and colon [143]. Some species tend to colonize the mucosal layer, whereas others prefer the
intestinal lumen [144-146]. The biogeography of disease should thus dictate the best-suited
organism for therapy. The natural health benefits of bacteria can also serve as an adjuvant for
engineered therapeutics. For example, B. fragilis, Faecalibacterium prausnitzif and those
from Clostridium clusters IV and X1Va naturally protect against inflammatory disease
[48,50,147] and may serve as prime candidates for anti-inflammatory therapies compared to
E. coli, which are enriched in an inflamed gut [148]. Finally, organisms that are naturally
abundant and resilient to environmental perturbations should be preferred for long-term
therapies. To this end, the choice of microbial chassis should be paired with thorough
characterization of its relative benefits for the target disease. The development of methods
for engineering currently intractable organisms would also enable additional possibilities for
cell-based therapies. While ample genetic tools exist for £. coliand lactic acid bacteria and
recent work has extended these to Bacteroides spp. [142], new and efficient genetic
techniques for the manipulation of intractable group 1V and XIVa Clostridia and ~
prausnitzii are needed to accelerate the development of future therapies that utilize these
organisms.

4.2 Development of Clinically Relevant Sensors

The creation of fully autonomous cell-based therapies demands a well-characterized library
of biosensors that would allow dynamic responses to environmental perturbations (Fig. 3c).
Synthetic biology has engendered a plethora of genetic parts for sensing and integrating
environmental signals into changes in gene expression. Luminescent, fluorescent or
colorimetric readouts are common outputs of biosensors and can be designed to be transient
if transcriptionally regulated or permanent if coupled to genomic alterations [142,149-151]
or a bistable toggle switch [152,153]. Danino et a/. recently developed a non-invasive
biosensor for cancer metastasis, taking advantage of the fact that metastasis leads to the
natural translocation of probiotic £. colito the liver. Bacterial enzymatic activity on
chromogenic substrates allowed for excretion of compounds that could readily be detected in
the urine [154]. Additionally, genetic circuits have also been implemented in vivo for
sensing a small-molecule inducer [153] and dietary carbohydrates [142]. To date, the
development of biosensors has relied on genome mining and previous descriptions of
systems in scientific literature. Directed evolution has been successfully applied to change
substrate specificity of enzymes [155] and promoter specificity of RNA polymerases [156]
and similar strategies could be applied for the development of novel biosensors. Moreover,
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hybrid transcription factors composed of distinct DNA-binding and ligand-binding domains
has expanded the collection of available sensors [157-159]. A generalized approach for de
novo discovery of sensors of clinically relevant molecules is greatly needed, as well as fluid
dialogue between synthetic biologist and clinicians to identify relevant candidate disease
biomarkers. By pairing metabolomic studies with streamlined strategies for biosensor
discovery, engineered microbes could offer a new class of diagnostics by assaying
concentrations of biomarkers inside the body instead of in ex vivo samples. These sensors
could be used to trigger the expression of therapeutic molecules to enable on-demand and
localized production of medicines only during active disease.

4.3 Robustness and Evolutionary Stability of Genetic Circuits

The robustness of engineered functions to time and changing environments is a major
challenge to long-term cellular therapies (Fig. 3d). Currently, prototyping the complex
genetic circuits required for sense-and-respond cellular therapeutics most often occurs in
optimal /n vitro growth conditions that may not accurately replicate the intended
environment. As work in synthetic biology progresses towards animal models and clinical
applications, new, more sophisticated /n vitro systems should be developed to better emulate
the variable conditions faced by the endogenous microbiota. Both single [160,161] and
multi-stage [162] chemostats have been used to support culture of fecal samples and could
provide a testbed to understand how interbacterial interactions impact functionality of
genetic circuits. Additionally, organoid [163], 3-D intestinal scaffolds [164] and gut-on-a-
chip [165] models have also been employed to predict interactions between probiotics and
the host.

Genetic circuits described in synthetic biology often fail to report the evolutionary stability
of engineered functions. Assessment of gene circuit function is generally made on short
timescales (<24 hours). However, cellular therapies may need to retain function for weeks or
months to achieve significant efficacy. The numerous genetic parts required to maintain a
complex gene circuit are energetically taxing on cells [166]. /n vitro evolution experiments
revealed this strong fitness cost can lead to a rapid loss of function in engineered
bacteriophages [167,168]. Efforts to quantify and minimize the burden placed on
recombinant cellular therapies [166] should help maintain long-term function of therapeutics
in the competitive context of the microbiota.

4.4 Regulation, Safety and Biocontainment

As cell-based therapies constitute a novel paradigm in drug development, a regulatory
framework that addresses safety and biocontainment issues should be established to
minimize adverse events and environmental release of engineered organisms (Fig. 3e). Many
of the bacterial chassis used for recombinant therapies are generally recognized as safe
(GRAS) organisms as listed by the U.S. Food and Drug Administration. These organisms
are largely probiotics or bacteria employed in the production of food products. However, as
natural commensals, such as clostridial or Bacteroides species, may be prime candidates for
microbiota-based therapies, the safety of these organisms should be evaluated. The ability of
these organisms to stably colonize their target environments may enable greater therapeutic
efficacy, but may raise questions about the pharmacology and control of such therapies. The
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spread of genetically modified DNA from recombinant organisms to endogenous members
of the microbiota may also be a concern as natural horizontal gene transfer is prevalent in
the human microbiome [169]. The escape of engineered organisms into the environment that
may lead to unintentional colonization of others may be of similar concern, even though
most genetically modified organisms developed in the lab seem to be less fit than wild-type
[166]. Conditional kill switches that eliminate engineered microbes [158,170] or destroy
genetic circuits [171] have been created for biocontainment. Generating auxotrophic
microbes that cannot replicate in or outside of the gut has also proved a successful strategy
in limiting the spread of recombinant cells [172]. Indeed, auxotrophy was employed as the
sole biocontainment strategy in early clinical trials involving recombinant microbes [84,92].
Moving forward, a dialogue between regulators and researchers should help shape the
creation of technologies necessary for the safe implementation of cellular therapies.

4.5 Conclusions

The profound impact that microbial communities have on human health is providing new
diagnostic and therapeutic avenues for treating disease. However, existing therapeutic
approaches for modulating microbiomes in the clinic remain relatively crude. Exciting
research into additive, subtractive or modulatory strategies for affecting the human
microbiota and, in turn, human health, are progressing towards the clinic, powered by
advancements in synthetic biology and microbial ecology. While prototypical examples of
these approaches have been described, additional basic research to elucidate the function of
host-associated microbial communities and host-microbe interactions and progression into
clinical trials is needed to guide the creation of more effective therapies. Furthermore,
enhanced engineering approaches to enable the modification of a wide range of bacterial
hosts, to create disease-relevant sensors that can drive the conditional production of
heterologous therapeutics, and to achieve robust yet controllable function of these sense-
and-respond diagnostics /in vivo will ultimately improve the translation of microbiome
therapeutics into real-world use.
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Fig. 1. Approachesin Microbiota-Based Therapeutics
(A) Engineered microbes have been one strategy for microbiota-based therapies. Gene

circuits are constructed using libraries of genetic parts to enable microbial production of
therapeutic proteins. Introduction of these microorganisms into the endogenous microbiota
allows for /n situ detection of disease biomarkers and/or drug production. (B) Designer
microbial consortia are informed by community profiling studies of clinical samples from
healthy and diseased patients. Clinical isolates from these patients can then be assembled
into a defined mixture of microorganisms that can reprogram the microbial ecology within
an individual. (C) Bacteriophages, bacteriocins and small molecule antibiotics can be used to
selectively eliminate deleterious microbes from the microbiota. Consequently, the loss of
specific taxa elicits a global shift in the microbial community as new constituents occupy the
niches of the eliminated microbes. The addition of engineered bacteria together with
selective elimination of targeted strains may provide enhanced therapeutic efficacy.
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Fig. 2. Examples of Additive Microbiota Therapies
(A) The vaginal commensal Lactobacillus jensenii was engineered to produce the antiviral

protein cyanovirin-N. Colonization of the vagina by recombinant bacteria inhibits host-
infection by chimeric simian/human immunodeficiency virus (SHIV) in a rhesus macaque
model. (B) Lactococcus lactis was genetically modified to produce the anti-inflammatory
cytokine interleukin-10 (IL-10). When administered to mice afflicted with colitis, L. /actis
transiting through the gut can alleviate intestinal inflammation. (C) Probiotic Escherichia
coliwere engineered to synthesize N-acyl-phosphatidylethanolamines (NAPES). Host-
mediated conversion of NAPEs to N-acylethanolamides (NAES) can prevent obesity in mice
by inducing satiety and reducing food intake. (D) The endogenous urease (Ure*) activity of
the mouse microbiota can exacerbate hyperammonemia caused by liver injury. Depletion of
the native microbiota using antibiotics and polyethylene glycol and replacement with a
urease-deficient (Ure™) microbial consortium can protect mice from hyperammonemia and
its associated neurotoxicity.
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Fig. 3. Challengesin Microbiota-Based Therapeutics
(A) While it is well known that immigrant microbes, antimicrobials, disease and diet can

alter the composition of a microbial community, a set of predictive rules that explain the
consequences of these perturbations has yet to be elucidated. (B) Choosing the correct
microbial chassis for a microbiota-based therapeutic is challenging, as it is difficult to
predict which microbe is best suited for any given application. Consequently, a therapeutic
microbe may fail to survive in the target environment and/or engraft in the endogenous
microbiota. (C) The development of biosensors capable of detecting biomarkers associated
with disease is necessary for the realization of fully autonomous microbial therapeutics. For
example, biomarkers produced as a result of intestinal inflammation (red diamonds) are
detected by recombinant bacteria and allow expression of therapeutic proteins (blue
hexagons). (D) Engineered microbes must be both evolutionary and phenotypically robust to
prevent the loss or dysfunction of recombinant genetic material. (E) Safety and
biocontainment of microbiota-based therapies is a significant challenge for clinical
translation of basic research. Strategies may be needed to prevent transmission of therapeutic
microbes from a patient to other individuals.
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