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Abstract

Advances in synthetic biology have allowed the generation of strains of bacteria that are genetically altered to have specific therapeutic
benefits. These synthetic biotics, also widely referred to as engineered living therapeutics, have tremendous potential as a new ther-
apeutic modality, and several have advanced into the clinic and human testing. This review outlines some of the unique attributes
of synthetic biotics as well as some of the challenges in their development as prescription products. Regulatory considerations are
discussed, and a case study of a program that has advanced into Phase 2 testing is provided: SYNB1618 for the treatment of PKU.
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1. Introduction
Despite recent advances in the understanding of the biologi-
cal basis of disease, many people suffer from conditions with
no or inadequate treatment. As a mechanism to address this
unmet medical need, the role of the bacteria that colonize the
human body (the human microbiota) has recently gained atten-
tion. Host–microbe interactions have been implicated in many
diseases—most notably metabolic diseases, inflammatory dis-
eases and cancer (1, 2). Many approaches are being pursued to
advance therapies based on this science, including identification
of consortia of naturally occurring bacteria (3), identification of
single strains of naturally occurring bacteria (4), development
of phages that deplete specific disease-causing members of the
microbiota (5) and development of small molecules that modify
the behavior of bacteria within the microbiota (6).

An alternative to searching for naturally occurring bacteria
that ameliorate a disease is to use the tools of synthetic biology to
engineer bacteria with specific functionality based on the under-
standing of disease biology. These engineered bacteria are called
synthetic biotics. In this review, I will discuss the opportunities
and challenges of developing synthetic biotics as well as some
unique regulatory considerations.

2. Synthetic biotics
A synthetic biotic is a bacterium that has been genetically altered
to perform a specific function for diagnostic or therapeutic bene-
fit. Advantages of this approach compared to leveraging existing
members of the microbiota include the ability to select a chas-
sis with good manufacturing feasibility as well as a history of
safe use in humans; the potential to precisely engineer mecha-
nisms of action and specific potency; the use of disease-relevant

promoters that regulate the effector function in the appropriate
context (i.e. genetic circuit) and the use of auxotrophies or other
genetic modules to control growth in vivo and in the environment
(7, 8).

The design process starts with understanding the specific
disease that the synthetic biotic is intended to treat and the
development of a pharmacological hypothesis for how the patho-
physiology will be intercepted at the specific site of desired action.
Several classes of effectors have been engineered into bacteria,
including enzyme pathways that metabolize disease-causing tox-
ins (9), production of protein effectors (10), and production of
small-molecule effectors (11). Synthetic biotics have been engi-
neered for application to the skin (12) and for intra-tumoral injec-
tion in oncology (11, 13), but the area of most active research is
the development of synthetic biotics designed to work from the
gut lumen (10, 14), as shown in Table 1. Due to the active cross-
talk between the gastrointestinal (GI) tract, metabolic pathways,
the nervous system and the immune system, oral synthetic biotic
medicines can be designed to treat GI tract–specific as well as
systemic diseases.

3. Synthetic biology considerations in the
development of synthetic biotics
As shown in Figure 1, a synthetic biotic is composed of a chassis
organism, one or more genetic circuits required for therapeu-
tic effect (i.e. effectors), and other ancillary elements such as
transporters and auxotrophies.

One of the most important considerations for the development
of synthetic biotics is the choice of chassis organism into which
genetic circuits will be engineered. Unsurprisingly, laboratory-
domesticated Escherichia coli strains such as K-12 have been used
for the development of many in vitro synthetic biological systems.
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Table 1. Examples of synthetic biotics that have entered clinical development

Synthetic biotic Chassis organism Indication Route of administration Sponsor organization Country of origin

AG013 Lactococcus lactis Oral mucositis Oral mouth wash Oragenics USA
AG019 Lactococcus lactis Type 1 diabetes Oral ActoBio Therapeutics Belgium
ADXS-HOT Lysteria monocytogenes Non-small cell lung

cancer
Intravenous Advaxis Immunothera-

pies
USA

AZT-04 Staphylococcus
epidermidis

Cancer associated
rashes

Topical Azitra USA

SYNB1618 E. coli Nissle 1917 Phenylketonuria (PKU) Oral Synlogic USA
SYNB8802 E. coli Nissle 1917 Enteric hyperoxaluria Oral Synlogic USA
SYNB1891 E. coli Nissle 1917 Solid tumors and

lymphoma
Intra-tumoral Synlogic USA

NOV-001 Bacteroides Enteric hyperoxaluria Oral Novome USA

Figure 1. Components of a synthetic biotic.

However, commensal bacteria may make a superior choice for
human in vivo applications because they have co-evolved with
humans, and strains already in use as probiotics are familiar to
consumers and regulatory agencies such as the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA)
(15, 16). The environment in which the biotic is expected to
function (skin, GI tract, tumor, etc.), the ease of its genetic manip-
ulation and its ability to be manufactured at scale are also crucial
factors that must be appropriately balanced.

A core component is the genetic circuit, which is composed of
DNA sequences that encode biological parts designed to perform
logic functions akin to a computer program executing an algo-
rithm (8, 17, 18). In simple terms, a genetic circuit receives and
converts an input signal into a quantifiable output. In the case of a
synthetic biotic, these outputsmay be utilized to perform an array
of useful biological functions that are relevant to the treatment of
disease (19). The circuit’s mechanistic activity can be referred to
as its ‘effector function’. The input, or ‘switch’ as it is often called,
is typically controlled by an inducer–promoter pair. Bacterial pro-
moters display species specificity, so the availability of such tools
can be a key consideration in the selection of a chassis organism.

The switch composition of a genetic circuit is largely depen-
dent on the level of effector activity required and the environment
in which it is expected to function. While industrial applications
of engineered bacteria may use small-molecule inducers such as
isopropyl β-D-1-thiogalactopyranoside (commonly referred to as

IPTG), these small-molecule inducers may not be optimal for syn-
thetic biotics that are expected to function in specific locations
within the human body. For this reason, in vivo switches that
are capable of sensing and responding to signals encountered
within the human body have been developed. These can sense
physiological states—for example, pH, temperature or oxygen
tension (8, 15, 19). Disease-specific switches have also been con-
structed, such as those sensing inflammation-dependent signals
like reactive oxygen species, tetrathionate or nitrate (15, 20, 21).

Other synthetic switches have been developed that permit
self-sensing by engineered bacteria through repurposing of bac-
terial quorum sensing systems (15, 17). Quorum sensing systems
typically depend on the production of small molecules or pep-
tides called ‘autoinducers’ that accumulate in the environment
as the cell population increases. The autoinducer modulates gene
expression when the bacterial population reaches a critical den-
sity. In this manner, bacteria can be programmed to switch on
their effector function only when an effective cell concentration
has been established (15). This may be useful in synthetic biotics
whose effector function is toxic or could cause unwanted side
effects, ensuring that the engineered activity is delivered only to
disease-specific environments that support growth and division
(22, 23).

An additional consideration when designing a synthetic biotic
is the need for a specific strategy around biocontainment. This
can be important from an environmental perspective, but there



A.M. Brennan 3

can also be advantages to limiting growth in human recipients of
synthetic biotics (7). A number of strategies have been developed,
including the following:

• Engineering nutritional auxotrophy involving deletion of an
essential chromosomal gene in the chassis to make it depen-
dent on an exogenous supply of an essential metabolite
(16, 24).

• Synthetic amino acid auxotrophy that recodes strains, making
them dependent on an exogenously supplied synthetic amino
acid (24).

• Synthetic nucleic acid auxotrophywhere, for example, a strain
is evolved to be dependent on chlorouracil (25).

• Kill switches that use logic-based genetic circuits programmed
to sense exogenous inputs to determine if the requirements for
cell proliferation continue to be met (26).

To date, more sophisticated biocontainment strategies have
not been deployed in therapeutic applications because they gen-
erally have escape rates higher than the 10−8 frequency recom-
mended by the National Institutes of Health (15, 16). For this
reason, simple nutritional auxotrophy has remained the biocon-
tainment strategy of choice for clinical-stage programs.

Finally, it is important to consider genetic stability when con-
structing a strain that will ultimately be administered to humans.
Plasmids are excellent tools for quickly manipulating and interro-
gating genes of interest; however, plasmid DNA is not particularly
stable and will typically be lost in the absence of antibiotic selec-
tion. The FDA also discourages the use of antibiotic markers in
live biotherapeutic products (LBPs) (27), further discouraging the
use of plasmids to carry engineered genetic circuits. In addition,
plasmids are prone to unequal segregation during rounds of cell
division (15). For these reasons, integration of engineered cir-
cuits directly into the chassis chromosome may be a preferred
approach.

4. Challenges in the development of
synthetic biotics as drugs
The tools of synthetic biology have advanced tremendously in the
past decade, with the reduction in the cost of sequencing and
printing DNA and the development of libraries of reusable parts
formultiple chassis organisms (28, 29). Lagging is our understand-
ing of the specific mechanisms driving the relationship between
the bacteria that live on and in us and disease. Identification of
new bacterial target effectors and their validation as truly dis-
ease modifying is the next challenge for microbiome research (2).
This challenge is further amplified by the frequent lack of trans-
latability of microbial approaches between animal models and
humans (30). Ultimate validation will only be delivered by human
interventional studies, but a combination of multiple human
observational data sets (genetics, transcriptomics, metabolomics,
etc.) aided by the development of more translationally depend-
able preclinical models including organ-on-chip systems can help
minimize the risk of some of these new therapeutic targets (1, 30,
31). Once these novel targets are identified, synthetic biology can
be used to rapidly generate clinical strains ready for development
as drugs.

Manufacturability is another key consideration in the develop-
ment of synthetic biotics and needs to be incorporated into every
decision from the selection of the chassis organism all the way
through to approval. It is currently difficult to predict whether
specific genetic changes will induce a growth defect requiring

frequent iteration during the design stage. Similarly, promoters
that may work well in flasks and at small scales may not per-
form well at the large scales required to meet clinical demand
for eventual commercialization (32). The dose of cells required
will depend on the potency of the specific strain, i.e. how well it
performs its effector function. Balancing potency, dose and man-
ufacturing feasibility requires collaboration across different team
members. As we generate more data on genotype–phenotype and
manufacturability, curation of these data sets so that they can
be a useful source of future predictive or artificial intelligence-
based algorithms that can inform design choices could be hugely
valuable.

Like all drug development platforms and programs, it is critical
to keep the eventual patient in clear view throughout develop-
ment. Spending time to understand patient needs at the outset
of a project and checking in frequently throughout development
to ensure those needs are being considered is important to success
(33). Factors to be considered include the following:

1. Understanding of endpoints that are meaningful to patients
in deciding whether to use a new therapy. These may or may
not be the same endpoints that are important to prescribers
and regulators.

2. Formulation and delivery for example frequency of adminis-
tration.

3. Understanding perceptions of the technology and how to
explain it so that it is accessible to the patient community.

The importance of open engagement with the patient com-
munity is particularly important, given the potential for nega-
tive perceptions related to use of genetically modified organisms.
Thoughtful design decisions, transparency, and clear and fre-
quent communication with the patient community are ways to
mitigate this risk (34).

5. Regulatory considerations
Delivering on the therapeutic potential of synthetic biotics
requires a transition from research to studies in humans. A key
gate to the initiation of human clinical trials is the approval of
a national competent authority and ethics committees in the
jurisdiction where the trial will be conducted.

Bacterial therapeutics are classified as LBPs, which are defined
as live organisms developed to treat, cure or prevent a disease
or condition in humans. Notably, LBPs exclude vaccines, filter-
able viruses, oncolytic viruses and organisms used as vectors for
transferring genes into the host (35). Genetically modified bac-
teria are classified as recombinant LBPs. In the United States,
recombinant LBPs are regulated by the FDA through the Center
for Biologics Evaluation and Research. In 2016, the FDA issued a
guidance document describing the regulatory considerations for
conducting clinical trials with LBPs (36). The European Pharma-
copeia published a monograph setting the quality standards for
LBPs for human use, in European Pharmacopoeia, Supplement
9.7, effective in April 2019 (37). While no synthetic biotic has
been approved for commercial sale, several have been approved
by global competent authorities for clinical evaluation as outlined
in Table 1.

The first step in the clinical evaluation of any potential thera-
peutic product is the clinical trial application or investigational
new drug (IND) application (38). Consultation prior to submis-
sion of the application to initiate clinical trials and regularly
throughout development is critical in this new area, as there is
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minimal precedent, current regulatory guidance includes general
considerations only and there is lack of consensus on require-
ments across regions and states. Each LBP will have unique prop-
erties, including route of administration, pathogenicity potential,
colonization, clearance andmicrobial products. These factors and
others will influence the data required to support the benefit–risk
evaluation by regulators (35). For example, bacterial components
such as lipopolysaccharides will result in different risks for an oral
product compared to a product that is intended to be administered
intravenously or intratumorally. In addition, while some effector
functions such as those generating microbial products that are
generally recognized as safe (39) may not require preclinical toxi-
cological evaluation, other effector functions may require testing
prior to the initiation of human trials.

One of the important safety risks to consider when assembling
the clinical trial application or IND is the potential for infection
with the engineered organism. The risks for infection can be influ-
enced by the biodistribution of the product as well as the intended
patient population (35). Preclinical distribution studies following
administration that is representative of the intended clinical route
may be required to support a clinical trial. Demonstrating sensi-
tivity to commonly prescribed antibiotics is also important and
can guide treatment of any infection or possible infection in the
clinic (40).

In common with all investigational medicinal products, the
manufacturing facility where the engineered microbe is manu-
factured should operate under GoodManufacturing Practices (41).
While the framework can be shared with other biologics, there are
a number of unique manufacturing considerations when prepar-
ing to conduct a clinical trial with a synthetic biotic, including the
following:

• The genetic sequence of exogenously introduced genes must
be provided in regulatory filings, including a high-quality,
complete genome sequence for the engineered clinical candi-
date strain.

• Evidence supporting the stability of strain modifications over
time, particularly during fermentation will be required for
regulatory filings.

• The ability of the organism to replicate or persist in the envi-
ronment, as well as any biocontainment strategies incorpo-
rated into the engineering may influence the regulatory path
and the data required to support initiation of clinical trials.

• Assays to determine the absence of contamination by adven-
titious agents are required for all products but may be par-
ticularly challenging for a living bacterial–based product. The
required sensitivity (particularly for products intended for
non-oral routes of administration) usually requires culture-
based methodology.

Following completion of the IND process in the USA, regional
ethics committees or institutional review boards will review the
clinical protocol and other study documents. Because engineered
bacteria are considered biological agents, review by institutional
biosafety committees is frequently required (42). The purpose of
this committee is to assess the environmental risk of the product
and the ability of the engineered bacteria to survive and repli-
cate in the environment as well as any potential toxicity should
an unintended person be exposed (7).

This environmental review differs globally, so it is important
to understand the process in the region where the clinical trial
will take place. The lack of a standardized set of requirements

and procedures can place a high administrative burden on inves-
tigators and sponsors intending to conduct a trial across mul-
tiple international sites. In the European Union, while there is
consensus regarding the conduct of clinical trials and a central
procedure for marketing authorization, the interpretation of the
various directives regarding genetically modified organisms used
in clinical research is variable, with lack of consensus for what
constitutes contained use versus deliberate release. A program
that is determined to constitute deliberate release in a given state
will require a more extensive review and approval process (43, 44).

As with other therapeutic products, approval and licensure
require the demonstration of safety, efficacy (fromwell-controlled
clinical trials) and quality (i.e. reliability, robustness and consis-
tency of each batch produced). While there is currently a paucity
of regulatory precedent in this area, we can learn from recent
experience with other complex products like gene and cell ther-
apy, where delays in the peri-approval period have been due
to manufacturing issues and difficulty demonstrating compara-
bility between the product used in clinical trials and the prod-
uct intended for commercialization (45). Early investment in a
robust set of assays and in process development as well as reg-
ular interactions with the regulatory agencies will likely be key to
success.

6. Development of a synthetic biotic for the
treatment of PKU: a case study
Phenylketonuria (PKU) is an inborn error of metabolism caused by
a genetic defect in the gene encoding phenylalanine (Phe) hydrox-
ylase, an enzyme responsible for converting Phe to tyrosine. If not
detected early and treated by a strict Phe-controlled diet, PKU can
result in irreversible neurological damage (46). Phe is a compo-
nent of most dietary protein and is also known to circulate back
into the gut from systemic circulation, making it potentially treat-
able by an orally administered, gut-restricted synthetic biotic that
degrades Phe (47).

To create a synthetic biotic suitable for the treatment of PKU,
the strain engineering team at Synlogic constructed SYNB1618,
a Phe-degrading derivative of E. coli Nissle 1917 (EcN). Two path-
ways for Phe degradation were engineered into EcN (Figure 2).
The first pathway uses phenylalanine ammonia lyase (PAL) to con-
vert Phe to trans-cinnamate (TCA), a harmless metabolite. PAL is
a cytosolic protein, requiring Phe transport into the cell; there-
fore, expression of a high-affinity Phe transporter, PheP, was
added to increase the intracellular availability of Phe. The sec-
ond Phe degradation pathway that was engineered uses l-amino
acid deaminase, a membrane-associated enzyme that converts
Phe to phenylpyruvate. The genes encoding these enzymes and
transporter were integrated into the EcN chromosome under the
control of an inducible promoter to enable the control of gene
expression and maintenance of genetic integrity during the high-
density, large-scale growth needed to prepare doses for humans.
Finally, SYNB1618 contains a deletion of the dapA gene, encoding
4-hydroxytetrahydropicolinate synthase, which enables biocon-
tainment by rendering engineered bacteria dependent on exoge-
nous diaminopimelate for cell wall biosynthesis and growth (9).
SYNB1618 was not our first or even our second attempt to develop
a Phe-consuming strain. A prior version had gone through exten-
sive testing but fell at the final fence when the external manufac-
turing vendor would not accept the strain into their facility due
to failure on a phage test. Some genetic detective work identified



A.M. Brennan 5

Figure 2. Two-pathway metabolism of phenylalanine by SYNB1618, an engineered Escherichia coli Nissle.

the prophage that was successfully deleted from the strain that
became SYNB1618.

SYNB1618 underwent extensive preclinical testing prior to ini-
tiation of clinical trials, demonstrating reduction of blood Phe
concentrations in the Pahenu2/enu2 PKU mouse model of PKU and
a reduction in the postprandial increase of blood Phe in healthy
cynomolgus monkeys after an oral Phe challenge (9, 48). As we
developed our preclinical package, we requested guidance from
the FDA in the form of a pre-IND meeting, which was very valu-
able in understanding the specific requirements for initiation of a
clinical trial.

These discussions informed the toxicology studies and exten-
sive genetic and in vitro characterization of the strain that sup-
ported the submission of an IND application to the FDA, allowing
SYNB1618 to be evaluated in humans.

The initial clinical trial was a Phase 1/2a randomized, placebo-
controlled study in adult healthy volunteers and patients with
uncontrolled PKU using a frozen liquid formulation of SYNB1618.
The primary outcome of the study was safety and tolerability, and
the secondary outcome microbial kinetics. A D5-Phe tracer was
used to study exploratory pharmacodynamic effects. SYNB1618
was safe and well tolerated; mild-to-moderate GI adverse events
were observed at higher doses. SYNB1618 rapidly cleared from the
GI tract after discontinuation of dosing; no fecal samplewas above
the limit of quantification 4days after the last dose. Consistent
with the preclinical data, we observed dose-responsive increases
in strain-specific Phe metabolites in plasma (TCA) and urine (hip-
puric acid), providing proof-of-mechanism that the strain was
active in the GI tract and consuming Phe (49).

The next step in the development of SYNB1618 as a poten-
tial therapeutic for patients with PKU was to develop a formu-
lation that would be stable at room temperature or domestic
refrigeration, recognizing that the product would need to be taken
multiple times daily to control Phe levels in patients. Synthetic
biotics are complex living cells, and we needed to develop assays
to evaluate the impact on the activity and health of the cells
prior to initiating process developmentwork. Following evaluation
of a number of methods to preserve the cells without requiring
−80◦C refrigeration, we focused on lyophilization, which freeze
dries the cells to an off-white powder that can then be further

filled into sachets, capsules or pressed pills. We developed a
lyophilization process that preserved cell activity and viability and
demonstrated good stability at 2–8◦C and at room temperature
(48). This development supported the initiation of additional clin-
ical work that could include out-patient studies of longer duration
in patients with PKU. These studies were planned with the active
involvement of the patient advocacy community who provided
valuable input—for example, the advice that patients with PKU
prefer sachets to pills.

While SYNB1618 continues to be evaluated in the clinic in an
ongoing trial in patients with PKU, it also provides a rich data set
for the development of predictive models that can be applied to
other synthetic biotics in development. As noted above, one of the
challenges of the development of synthetic biotics is the ability to
predict activity within the dynamic environment of the human
GI tract. Species-specific differences in GI physiology, as well as
limitations in the ability to continuously sample the site of action
mean that, while animal models can be useful, they cannot fully
address all relevant translational questions. Our team has used
the SYNB1618 and other Phe-consuming prototypes to develop in
vitro simulation models like gut-on-chip (33), as well as predic-
tive pharmacology models to predict the Phe-consuming activity
of the strain in vivo in humans (50). With additional data from
patients with PKU as well as inputs from strains developed with
other effectors, these model systems can continue to increase in
utility and predictive power.

7. Opportunities and future directions
Synthetic biology as a discipline will have a tremendous impact on
global health across diagnostics, vaccines and therapeutics over
the coming decades (52). From enabling discovery to optimizing
production in cell-based systems, the proportion of therapeutics
where synthetic biology has contributed could grow exponen-
tially. Synthetic biotics represent the application of synthetic
biology tools to bacterial therapeutics, which holds promise for
treating disease in new ways, offering first treatments or better
treatments to patients.

Synthetic biotics are living machines that can be engineered
for potency and to respond to local conditions at the site of action
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in the human body based on either physiological or pathological
signals. This can enable delivery of a therapeutic in a targeted
way, delivering the right effector at the right place at the right
time. These closed-loop systems will require continued develop-
ment of disease-specific sensors and matching effectors, but they
hold tremendous promise.

An important challenge for many chronic and complex dis-
eases is that multiple biological pathways may play a role, requir-
ing combinations of treatments. These combinations often come
with a high cost in terms of health-care dollars, toxicity risk and
patient adherence to polypharmacy. Synthetic biotics could be
designed to produce multiple effectors in a single product under
the control of separate sensors if needed. As our understanding of
the underlying pathophysiology of these diseases improves, syn-
thetic biotics could offer a unique opportunity to simultaneously
address multiple disease processes.

Another key advantage of using a therapeutic self-replicating,
cellular system is the ability to greatly reduce patient burden and
increase compliance by engineering synthetic biotics that can sta-
bly colonize amicrobial niche. This could enable a one-time appli-
cation that could be particularly beneficial for chronic medical
conditions or for preventative health applications. Understand-
ing the rules of colonization as well as how to maintain genetic
stability over the long term will be critical in achieving this goal,
particularly as many chassis organisms currently used are not
good colonizers and effector functions can be costlymetabolically,
potentially creating negative selection pressure (51).

We are entering an incredibly exciting time for synthetic biotics
with multiple programs and approaches in the clinic. Advances in
synthetic biologywill continue to drive greater efficiency in discov-
ery and development as well as breadth in the range of diseases
that can be addressed.

Conflict of interest statement. A.M.B. is an employee of and share-
holder in Synlogic Inc, a company developing synthetic biotics for
the treatment of disease.

References
1. Gilbert,J.A., Blaser,M.J., Caporaso,J.G., Jansson,J.K., Lynch,S.V. and

Knight,R. (2018) Current understanding of the human micro-
biome. Nat. Med., 24, 392–400.

2. Bober,J.R., Beisel,C.L. and Nair,N.U. (2018) Synthetic biology
approaches to engineer probiotics and members of the human
microbiota for biomedical applications. Annu. Rev. Biomed. Eng.,
20, 277–300.

3. McGovern,B.H., Ford,C.B., Henn,M.R., Pardi,D.S., Khanna,S.,
Hohmann,E.L., O’Brien,E.J., Desjardins,C.A., Bernardo,P.,
Wortman,J.R. et al. (2021) SER-109, an investigational micro-
biome drug to reduce recurrence after Clostridioides difficile
infection: lessons learned from a phase 2 trial. Clin. Infect. Dis.,
72, 2132–2140.

4. Geva-Zatorsky,N., Sefik,E., Kua,L., Pasman,L., Tan,T.G.,
Ortiz-lopez,A., Yanortsang,T.B., Yang,L., Jupp,R., Mathis,D. et al.
(2017) Mining the human gut microbiota for immunomodulatory
organisms. Cell, 168, 928–934.

5. Steele,A., Stacey,H.J., de Soir,S. and Jones,J.D. (2020) The safety
and efficacy of phage therapy for superficial bacterial infections:
a systematic review. Antibiotics, 9, 754.

6. Reinisch,W., Hebuterne,X., Buisson,A., Schreiber,S.,
Desreumaux,P., Paillarse,J.M. and Bonny,C. (2020) P568 an open-
label, multicenter, phase ib, pharmacokinetic (pk) and safety

study of a fimh blocker, Sibofimloc (TAK-018/EB8018), in patients
with Crohn’s disease (CD). J. Crohn’s Colitis, 14, S479–S480.

7. Steidler,L., Neirynck,S., Huyghebaert,N., Snoeck,V., Vermeire,A.,
Goddeeris,B., Cox,E., Remon,J.P. and Remaut,E. (2003) Biolog-
ical containment of genetically modified Lactococcus lactis for
intestinal delivery of human interleukin 10. Nat. Biotechnol., 21,
785–789.

8. Shepherd,E.S., DeLoache,W.C., Pruss,K.M., Whitaker,W.R. and
Sonnenburg,J.L. (2018) An exclusive metabolic niche enables
strain engraftment in the gut microbiota. Nature, 557, 434–438.

9. Isabella,V.M., Ha,B.N., Castillo,M.J., Lubkowicz,D.J., Rowe,S.E.,
Millet,Y.A., Anderson,C.L., Li,N., Fisher,A.B., West,K.A. et al. (2018)
Development of a synthetic live bacterial therapeutic for the
human metabolic disease phenylketonuria. Nat. Biotechnol., 36,
857–864.

10. Braat,H., Rottiers,P., Hommes,D.W., Huyghebaert,N., Remaut,E.,
Remon,J.-P., van Deventer,S.J.H., Neirynck,S., Peppelenbosch,M.P.
and Steidler,L. (2006) A phase I trial with transgenic bacteria
expressing interleukin-10 in Crohn’s disease. Clin.Gastroenterol.
Hepatol., 4, 754–759.

11. Leventhal,D.S., Sokolovska,A., Li,N., Plescia,C., Kolodziej,S.A.,
Gallant,C.W., Christmas,R., Gao,J.-R., James,M.J., Abin-Fuentes,A.
et al. (2020) Immunotherapy with engineered bacteria by target-
ing the STING pathway for anti-tumor immunity. Nat. Commun.,
11, 2739.

12.Dodds,D., Bose,J.L., Deng,M.-D., Dube,G., Grossman,T.H.,
Kaiser,A., Kulkarni,K., Leger,R., Mootien-Boyd,S., Munivar,A.
et al. (2020) Controlling the growth of the skin commensal
Staphylococcus epidermidis using D-alanine auxotrophy. mSphere,
5, e00360-20.

13.Gurbatri,C.R., Lia,I., Vincent,R., Coker,C., Castro,S., Treuting,P.M.,
Hinchliffe,T.E., Arpaia,N. and Danino,T. (2020) Engineered probi-
otics for local tumor delivery of checkpoint blockade nanobodies.
Sci. Transl. Med., 12, eaax0876.

14. Limaye,S.A., Haddad,R.I., Cilli,F., Sonis,S.T., Colevas,A.D.,
Brennan,M.T., Hu,K.S. and Murphy,B.A. (2013) Phase 1b, mul-
ticenter, single blinded, placebo-controlled, sequential dose
escalation study to assess the safety and tolerability of topi-
cally applied AG013 in subjects with locally advanced head and
neck cancer receiving induction chemotherapy. Cancer, 119,
4268–4276.

15.Claesen,J. and Fischbach,M.A. (2015) Synthetic microbes as drug
delivery systems. ACS Synth. Biol., 4, 358–364.

16.Charbonneau,M.R., Isabella,V.M., Li,N. and Kurtz,C.B. (2020)
Developing a new class of engineered live bacterial therapeutics
to treat human diseases. Nat. Commun., 11, 1738.

17.Chien,T., Doshi,A. andDanino,T. (2017) Advances in bacterial can-
cer therapies using synthetic biology. Curr. Opin. Syst. Biol., 5,
1–8.

18. Brophy,J.A.N. and Voigt,C.A. (2014) Principles of genetic circuit
design. Nat. Methods, 11, 508–520.

19. Siuti,P., Yazbek,J. and Lu,T.K. (2013) Synthetic circuits integrating
logic and memory in living cells. Nat. Biotechnol., 31, 448–452.

20. Pedrolli,D.B., Ribeiro,N.V., Squizato,P.N., de Jesus,V.N.,
Cozetto,D.A., Tuma,R.B., Gracindo,A., Cesar,M.B., Freire,P.J.C.,
da Costa,A.F.M. et al. (2019) Engineering microbial living ther-
apeutics: the synthetic biology toolbox. Trends Biotechnol., 37,
100–115.

21.Riglar,D.T., Giessen,T.W., Baym,M., Kerns,S.J., Niederhuber,M.J.,
Bronson,R.T., Kotula,J.W., Gerber,G.K., Way,J.C. and Silver,P.A.
(2017) Engineered bacteria can function in the mammalian gut
long-term as live diagnostics of inflammation. Nat. Biotechnol., 35,
653–658.



A.M. Brennan 7

22.Courbet,A., Endy,D., Renard,E., Molina,F. and Bonnet,J. (2015)
Detection of pathological biomarkers in human clinical samples
via amplifying genetic switches and logic gates. Sci. Transl. Med.,
7, 289ra83.

23.Mao,N., Cubillos-Ruiz,A., Cameron,D.E. and Collins,J.J. (2018) Pro-
biotic strains detect and suppress cholera inmice. Sci. Transl. Med.,
10, eaao2586.

24. Lee,J.W., Chan,C.T.Y., Slomovic,S. and Collins,J.J. (2018) Next-
generation biocontainment systems for engineered organisms.
Nat. Chem. Biol., 14, 530–537.

25.Rovner,A.J., Haimovich,A.D., Katz,S.R., Li,Z., Grome,M.W.,
Gassaway,B.M., Amiram,M., Patel,J.R., Gallagher,R.R., Rinehart,J.
et al. (2015) Recoded organisms engineered to depend on synthetic
amino acids. Nature, 518, 89–93.

26.Marliere,P., Patrouix,J., Doring,V., Herdewijn,P., Tricot,S.,
Cruveiller,S., Bouzon,M. and Mutzel,R. (2011) Chemical evo-
lution of a bacterium’s genome. Angew. Chem. Int. Ed. Engl., 50,
7109–7014.

27. Jayaraman,P., Holowko,M.B., Yeoh,J.W., Lim,S. and Poh,C.L. (2017)
Repurposing a two-component system-based biosensor for the
killing of Vibrio cholerae. ACS Synth. Biol., 6, 1403–1415.

28.Chan,C.T.Y., Lee,J.W., Cameron,D.E., Bashor,C.J. and Collins,J.J.
(2016) ‘Deadman’ and ‘Passcode’ microbial kill switches for bac-
terial containment. Nat. Chem. Biol., 12, 82–86.

29.Tan,X., Letendre,J.H., Collins,J.J. and Wong,W.W. (2021) Synthetic
biology in the clinic: engineering vaccines, diagnostics, and ther-
apeutics. Cell, 184, 881–898.

30.Walter,J., Armet,A.M., Finlay,B.B. and Shanahan,F. (2020) Estab-
lishing or exaggerating causality for the gut microbiome: lessons
from human microbiota-associated rodents. Cell, 180, 221–232.

31.Nelson,M.T., Charbonneau,M.R., Coia,H.G., Castillo,M.J., Holt,C.,
Greenwood,E.S., Robinson,P.J., Merrill,E.A., Lubkowicz,D. and
Mauzy,C.A. (2021) Characterization of an engineered live bacte-
rial therapeutic for the treatment of phenylketonuria in a human
gut-on-a-chip. Nat. Commun, 12, 2805.

32.Rugbjerg,P., Dyerberg,A.S.B., Quainoo,S., Munck,C. and
Sommer,M.O.A. (2021) Short and long-read ultra-deep sequencing
profiles emerging heterogeneity across five platform Escherichia
coli strains. Metab. Eng., 65, 197–206.

33. Patel,A., Fiebig,D. and Muszka,J. (2021) The utility of patient
engagement in drug research and development. Curr. Opin., 35,
157–162.

34. Pauwels,E. (2013) Public understanding of synthetic biology. Bio-
science, 63, 79–89.

35.Deal,C. (2018) Science and Regulation of Live Microbiome-Based
Products Used to Prevent, Treat, or Cure Diseases in Humans. U.S.
Food and Drug Administration. https://www.fda.gov/vaccines-
blood-biologics/workshops-meetings-conferences-biologics/scie
nce-and-regulation-live-microbiome-based-products-used-prev
ent-treat-or-cure-diseases-humans (1 November 2021, date last
accessed).

36.U.S. Food and Drug Administration. (2016) Early Clinical Trials
With Live Biotherapeutic Products: Chemistry, Manufacturing, and
Control Information. Guidance for Industry. https://www.fda.
gov/regulatory-information/search-fda-guidance-documents/ea
rly-clinical-trials-live-biotherapeutic-products-chemistry-manu
facturing-and-control-information (21 July 2021, date last
accessed).

37.Council of Europe. (2018) Live Biotherapeutic Products. Euro-
pean Pharmacopoeia, Supplement 9.7, 16 April 2018. https://
www.edqm.eu/en/news/live-biotherapeutic-products-lbps-unpr
ecedented-quality-requirements-ph-eur-commission (21 July
2021, date last accessed).

38.U.S. FDA. (2021) Investigational New Drug Application. https://www.
fda.gov/drugs/types-applications/investigational-new-drug-ind-
application (28 October 2021, date last accessed).

39.U.S. Food and Drug Administration. (2018) GRAS Substances
(SCOGS) Database. https://www.fda.gov/food/generally-recogniz
ed-safe-gras/gras-substances-scogs-database (26 July 2021, date
last accessed).

40.Wong,A., Ngu,D.Y.S., Dan,L.A., Ooi,A. and Lim,R.L.H. (2015) Detec-
tion of antibiotic resistance in probiotics of dietary supplements.
Nutr. J., 14, 95.

41.U.S. FDA. (2020) Current Good Manufacturing Practice Regula-
tions. https://www.fda.gov/drugs/pharmaceutical-quality-resour
ces/current-good-manufacturing-practice-cgmp-regulations (28
October 2021, date last accessed).

42.National Institutes of Health. Institutional Biosafety Committees.
https://osp.od.nih.gov/biotechnology/institutional-biosafety-co
mmittees/ (28 October 2021, date last accessed).

43. European Union. (2009) Directive 2009/41/EC of the European
Parliament and of the Council of 6 May 2009 on the Contained
Use of Genetically Modified Microorganisms. http://data.europa.eu/
eli/dir/2009/41/oj (22 July 2021, date last accessed).

44. European Union. (2001) Directive 2001/18/EC of the European
Parlimanet of the Council of 12 March 2001 on the Deliberate
Release into the Environmnet of Genetically Modified Organisms
and Repeating Council Directive 90/220/EEC–Commission Declaration.
http://data.europa.eu/eli/dir/2001/18/oj (22 July 2021, date last
accessed).

45. Pagliarulo,N. (2021) FDA Seeking More Consistency from Cell,
Gene Therapy Developers, Top Official Says. Biopharma Dive, 19
May 2021. https://www.biopharmadive.com/news/fda-marks-
gene-therapy-consistency/600445/ (26 July 2021, date last
accessed).

46.Vockley,J., Andersson,H.C., Antshel,K.M., Braverman,N.E.,
Burton,B.K., Frazier,D.M., Mitchell,J., Smith,W.E., Thompson,B.H.
and Berry,S.A. (2014) Phenylalanine hydroxylase deficiency:
diagnosis and management guideline. Genet. Med., 16, 188–200.

47.Chang,T.M.S., Bourget,L. and Lister,C. (1995) A new theory of
enterorecirculation of amino acids and its use for depleting
unwanted amino acids using oral enzyme-artificial cells, as in
removing phenylalanine in phenylketonuria. Artif. Cells Blood Sub-
stit. Immobil. Biotechnol., 23, 1–21.

48.Querbes,W., Sethuraman,V., Isabella,V., Antipov,E., Reeder,P. and
Perreault,M. (2019) Development and preclinical characteriza-
tion of a solid oral formulation of a synthetic biotic for the
treatment of PKU. In: Poster presented at the 22nd annual meet-
ing of the American Society of Gene and Cell Therapy, 30 April
2019, Washington, DC.

49. Puurunen,M.K., Vockley,J., Searle,S., Sacharow,S., Phillips,J.,
Denney,W.S., Goodlett,B.D., Wagner,D.A., Blankstein,L.,
Castillo,M.J. et al. (2021) Safety and pharmacodynamics of an
engineered E. coli Nissle for the treatment of phenylketonuria: a
first-in-human phase 1/2a study. Nat. Metab., 3, 1125–1132.

50.Charbonneau,M.R., Denney,W.S., Horvath,N.G., Cantarella,P.,
Castillo,M.J., Puurunen,M.K. and Brennan,A.M. (2021) Develop-
ment of amechanisticmodel to predict synthetic biotic activity in
healthy volunteers and patients with phenylketonuria. Commun.
Biol., 4, 898.

51. Lee,S.M., Donaldson,G.P., Mikulski,Z., Boyajian,S., Ley,K. and
Mazmanian,S.K. (2013) Bacterial colonization factors control
specificity and stability of the gut microbiota. Nature, 501,
426–429.

52.Moe-Behrens,G.H.G., Davis,R. and Haynes,K.A. (2013) Preparing
synthetic biology for the world. Front. Microbiol., 4, 5.

https://www.fda.gov/vaccines-blood-biologics/workshops-meetings-conferences-biologics/science-and-regulation-live-microbiome-based-products-used-prevent-treat-or-cure-diseases-humans
https://www.fda.gov/vaccines-blood-biologics/workshops-meetings-conferences-biologics/science-and-regulation-live-microbiome-based-products-used-prevent-treat-or-cure-diseases-humans
https://www.fda.gov/vaccines-blood-biologics/workshops-meetings-conferences-biologics/science-and-regulation-live-microbiome-based-products-used-prevent-treat-or-cure-diseases-humans
https://www.fda.gov/vaccines-blood-biologics/workshops-meetings-conferences-biologics/science-and-regulation-live-microbiome-based-products-used-prevent-treat-or-cure-diseases-humans
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/early-clinical-trials-live-biotherapeutic-products-chemistry-manufacturing-and-control-information
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/early-clinical-trials-live-biotherapeutic-products-chemistry-manufacturing-and-control-information
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/early-clinical-trials-live-biotherapeutic-products-chemistry-manufacturing-and-control-information
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/early-clinical-trials-live-biotherapeutic-products-chemistry-manufacturing-and-control-information
https://www.edqm.eu/en/news/live-biotherapeutic-products-lbps-unprecedented-quality-requirements-ph-eur-commission
https://www.edqm.eu/en/news/live-biotherapeutic-products-lbps-unprecedented-quality-requirements-ph-eur-commission
https://www.edqm.eu/en/news/live-biotherapeutic-products-lbps-unprecedented-quality-requirements-ph-eur-commission
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application
https://www.fda.gov/food/generally-recognized-safe-gras/gras-substances-scogs-database
https://www.fda.gov/food/generally-recognized-safe-gras/gras-substances-scogs-database
https://www.fda.gov/drugs/pharmaceutical-quality-resources/current-good-manufacturing-practice-cgmp-regulations
https://www.fda.gov/drugs/pharmaceutical-quality-resources/current-good-manufacturing-practice-cgmp-regulations
https://osp.od.nih.gov/biotechnology/institutional-biosafety-committees/
https://osp.od.nih.gov/biotechnology/institutional-biosafety-committees/
http://data.europa.eu/eli/dir/2009/41/oj
http://data.europa.eu/eli/dir/2009/41/oj
http://data.europa.eu/eli/dir/2001/18/oj
https://www.biopharmadive.com/news/fda-marks-gene-therapy-consistency/600445/
https://www.biopharmadive.com/news/fda-marks-gene-therapy-consistency/600445/

	1. Introduction
	2. Synthetic biotics
	3. Synthetic biology considerations in the development of synthetic biotics
	4. Challenges in the development of synthetic biotics as drugs
	5. Regulatory considerations
	6. Development of a synthetic biotic for the treatment of PKU: a case study
	7. Opportunities and future directions

