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Abstract
Synthetic biology aims to make biological engineering more scalable and predictable, lowering the
cost and facilitating the translation of synthetic biological systems to practical applications.
Increasingly sophisticated, rationally designed synthetic systems that are capable of complex
functions pave the way to translational applications, including disease diagnostics and targeted
therapeutics. Here, we provide an overview of recent developments in synthetic biology in the
context of translational research and discuss challenges at the interface between synthetic biology
and clinical medicine.

INTRODUCTION TO SYNBIO
Engineered, synthetic biological systems have important implications in medicine. However,
the complexity of functions required to balance safety and therapeutic efficacy has limited
our ability to build synthetic biological systems that can interface with, modulate, or
reprogram natural systems within the human body. Synthetic biology is an emerging field
that focuses on the development and application of engineering principles to the design,
construction, and characterization of biological systems. One of the primary aims in this
field is to make bioengineering more scalable and more predictable, thus reducing the cost
and the development timeline of synthetic biological systems that could further disease
prevention and treatment.

Early efforts in synthetic biology focused on the foundations of biological design and
construction tools (1), including efforts to standardize the characterization, cataloging, and
assembly of biological components (2). These tools have been used to build model systems
that enable a greater understanding of natural biological systems or encode novel biological
functions (3). More recently, focus in the field has shifted from building model systems to
building biological systems that encode more complex behaviors (4, 5), such as producing
fluorescent signals or initiating cellular apoptosis in response to disease biomarkers (6),
identifying cancerous cells in a mixed culture (7), and modulating the growth of therapeutic
cells in vivo (8) (Fig. 1).
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Although much of the activity in the field to date has focused on applications in
bioprocessing and biosynthesis, potential applications in health and medicine are vast and
compelling. The development of both bacterial and mammalian systems aimed at
translational medicine applications, including disease treatment and prevention, has
accelerated. Nevertheless, many challenges exist in moving state-of-the-art synthetic
systems from the laboratory into human patients. In particular, we need to develop tools that
can be implemented in physiological contexts and that demonstrate system robustness,
functional precision, and host tolerability. In this Perspective, we highlight several
promising engineered systems and discuss challenges that must be addressed before clinical
use.

SYNTHETIC BACTERIAL SYSTEMS
Owing to the complexity of mammalian systems, it can be useful to first develop synthetic
systems in simpler model organisms, such as yeast and bacteria, before transferring and
reoptimizing in mammalian hosts. Furthermore, a central aim of synthetic biology is to
facilitate the engineering of biology so that systems need not be constructed from scratch for
each new application. Synthetic biologists have begun to construct integrated systems for
translational applications by piecing together an increasingly sophisticated collection of
biological “parts” with diverse functions. An early example explored the concept of targeted
cancer treatment (9). Capitalizing on the hypoxic nature of tumor microenvironments and
the fact that many bacterial species home in on tumors, researchers have constructed genetic
circuits with sensors that detect hypoxia and bacterial cell density (9). In one circuit, a
promoter that responds to formate dehydrogenase—an enzyme activated by anaerobic
growth—was used for hypoxia detection. In another circuit, a sensing component detected
high bacterial cell density through lux quorum-sensing (from the bacterium Vibrio fischeri).
These sensors were coupled to the inv gene that encodes invasin (from Yersinia
pseudotuberculosis), which initiates bacterial adhesion and invasion of mammalian cells.
Engineered Escherichia coli that expressed this entire synthetic system were shown to
effectively invade cultured mammalian cells under hypoxic conditions that mimicked the
tumor microenvironment (9).

The power of synthetic biology to facilitate the development of novel systems with
therapeutic potential is further illustrated by the International Genetically Engineered
Machines (iGEM) competition, in which undergraduate students build functional genetic
systems from standardized, interchangeable biological parts from the BioBricks Parts
Registry (10). Several projects focused on engineering probiotics have been pursued in
recent years, including the production of β-galactosidase to treat lactose intolerance
(http://2008.igem.org/Team:Caltech); ratiometric modulation of T cell populations to
address inflammatory bowel disease (http://2009.igem.org/Team:Stanford); and production
of the toxic protein Tse2 to eliminate pathogenic bacteria in the gut
(http://2010.igem.org/Team:Washington). In one example, E. coli were engineered to
produce pyruvate oxidase under the control of the quorum-sensing transcriptional activator
LuxR, which allowed the bacteria to generate cytotoxic amounts of hydrogen peroxide in the
presence of other, invasive bacterial populations (http://2008.igem.org/Team:Caltech). This
example provides preliminary support for the development of probiotic bacterial strains that
can battle bacterial infections. Although these student projects are still in their infancy, and
demonstrations have largely been confined to bacterial cultures, the concepts being explored
feed directly into human therapeutics and translational applications. Indeed, researchers
have demonstrated the feasibility of engineering commensal bacterial strains, such as Nissle
1917, to produce quorum-sensing proteins that interrupt cholera infection (11) or to secrete
proteins that induce insulin production by mouse intestinal cells (12).
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In addition to using engineered bacteria as therapeutic agents, synthetic systems have been
constructed to interface with bacteria in vivo. Researchers have engineered bacteriophages
to overexpress proteins that repress gene repair and disrupt oxidative stress response
pathways in bacteria in mice, thus enhancing the effect of antibiotic therapy and improving
survival when challenged with lethal doses of E. coli (13). Although challenges such as
immunogenicity, toxin release, and development of phage resistance must be addressed
before synthetic bacterial systems become available for human application, these early
efforts highlight the potential of synthetic biology to generate integrated systems that can
deliver therapeutic outputs in response to physiological cues or in combination with existing
treatment strategies.

SYNTHETIC MAMMALIAN SYSTEMS
Moving toward higher-level organisms, synthetic biologists have constructed several
systems to control mammalian cell behavior in response to either exogenous or endogenous
input signals (14). Most existing inducible promoter systems require inducer molecules that
are toxic to cells and therefore cannot be administered at sufficiently high concentrations to
human subjects. In response, improvements in foundational technologies, such as DNA
synthesis, have led to the de novo construction of heterologous small-molecule-responsive
transgene expression systems. For example, the regulation of transgene expression in
bioreactors as well as in animal models has been reported, using synthetic promoter systems
that respond to the plant-derived metabolite phloretin and the vitamin biotin (15, 16).
Molecules such as phloretin and biotin are ideal inducer molecules owing to their low
toxicity and commercial availability, which should reduce regulatory hurdles toward their
clinical use.

Another class of control systems that respond to exogenous inputs stems from the field of
optogenetics, which has provided a powerful set of light-responsive tools for interrogating
natural biological systems (17). Optogenetics technology has been incorporated into
synthetic systems that exert spatiotemporal control over cell signaling (18). In these systems,
photoreceptive phytochrome B and its binding partner were used to mediate the localization
and activation of signaling molecules, such as guanine nucleotide exchange factors and their
cognate G proteins. Precise and reversible control of protein localization and mammalian
cell shape and motility can be achieved with light. A recent study reported a light-controlled
synthetic regulatory circuit capable of attenuating glycemic excursions in type 2 diabetic
mice through the use of either implanted fiber optics or direct illumination (19), suggesting
that optogenetics can be used for cell manipulation in vivo in response to exogenous
stimulation.

Synthetic systems that interface with endogenous input signals have also been demonstrated.
In one example, researchers engineered a sensor circuit that responded to increasing uric
acid levels. This circuit overexpressed a mammalian-codon-optimized gene derived from
Aspergillus flavus that encodes for the uricase mUox, which converts urate—a toxic
metabolic end-product—to allantoin, for easy excretion (20). This synthetic feedback system
enabled cell-intrinsic control of urate homeostasis in human cell culture and mediated the
reduction of pathologic urate levels in mice implanted with mammalian cells harboring this
sensor circuit.

RNA controllers that regulate mammalian gene expression through protein-responsive
modulation of alternative splicing were recently described (6). RNA aptamer sequences that
specifically bind to endogenous proteins, such as β-catenin and nuclear factor κB (NF-κB),
were integrated into key intronic locations near or flanking an alternatively spliced exon
from the SMN1 mini-gene and then expressed in human embryonic kidney cells. Ligand
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binding to the RNA aptamer modulated inclusion of the alternatively spliced exon, which
harbored a stop codon, regulating the expression of a downstream target gene. Incorporation
of green-fluorescent protein (GFP) as the target gene provided a diagnostic “signal” (6).
Alternatively, the inclusion of a functional target—the suicide gene thymidine kinase—
generated therapeutic outputs, including cell death in response to β-catenin (Fig. 1).

Another recent study demonstrated a synthetic logic circuit capable of distinguishing human
cervical cancer (HeLa) cells from other cell types by detecting the miRNA expression
profile in each cell (Fig. 1) (7). The multilayered circuit incorporated constitutive and
inducible promoters, transcriptional activator and repressor proteins, and binding sites for a
set of endogenous miRNAs known to be uniquely highly or poorly expressed in HeLa cells
relative to healthy cell types profiled in the MicroRNA Atlas (21). A fluorescent output
signal was produced only in the presence of the correct combination of high and low levels
of the selected miRNAs, allowing the identification of HeLa cells in a heterogenous cell
population (Fig. 1) (7). This method opens doors to new cancer diagnostics and further
illustrates the translational potential of synthetic systems that can interface with endogenous
input signals.

The application of RNA controllers to disease treatment has been explored in the context of
T cell immunotherapy. To achieve controlled T cell persistence, which is critical to the
therapeutic efficacy of tumor-targeting T cells in cancer patients, a ribozyme-based system
was demonstrated to respond to small-molecule drugs in a rapid, reversible, and dose-
dependent manner and to effectively regulate human T cell proliferation in vivo (Fig. 1) (8).
This control system coupled existing biological parts, including ligand-responsive ribozyme
switches (22), to therapeutically relevant target genes that encode for T cell growth-
promoting cytokines interleukin-2 (IL-2) and IL-15 to enable drug-responsive control of the
timing and extent of T cell proliferation in vivo. Such a system, if applied to humans, could
increase the precision and efficacy of cellular immunotherapy. Furthermore, the
incorporation of the suicide gene thymidine kinase provided an effective means of treatment
termination through the controlled ablation of engineered T cells, increasing the safety
profile of cell-based therapeutics.

A common feature of the diverse synthetic mammalian systems discussed above is that they
are composed of biological parts (such as promoters, RNA switches, and target genes) that
have been rationally selected and systematically assembled, so that efficient optimization
and modification of the systems are possible because the function of and interaction among
the components are well understood. These studies highlight the adaptability of synthetic
biological systems and the importance of engineering principles, such as component
modularity and transportability across organisms, to the translation of synthetic systems in
clinical applications.

BUILDING A FUTURE FOR CLINICAL SYNBIO
A general challenge facing synthetic biology is efficient integration into the appropriate
cellular host without compromising the activity and integrity of either the synthetic system
or its host. Commonly used laboratory techniques, such as transient transfection and
probability-driven, non-site-specific integration of plasmid DNA into the host genome, are
not suitable for clinical applications because of low integration efficiency, short-term
performance consistency, and potential for off-target effects. Efforts to develop new
genome-editing technologies have generated various methods for the rational design of zinc
finger (ZF) nucleases that are capable of site-specific gene insertion, deletion, and disruption
(Fig. 2) (23-26). More recently, transcription activator-like effectors (TALEs) have been
coupled to nucleases so as to generate a novel class of genome-editing tools that can be
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reliably engineered for site-specific genomic manipulation (Fig. 2) (27). Notably, DNA
assembly concepts and techniques developed in synthetic biology have been applied to the
modular construction of TALE nucleases, allowing the efficient assembly of long, repetitive
sequences that are otherwise difficult to construct (28, 29).

Combining the targeting capability of ZF nucleases with the gene delivery efficiency of viral
vectors, researchers have also engineered retroviral vectors containing ZF domains (30). The
resulting vectors exhibit selective integration properties and eliminate the preference for
genomic integration in transcriptional start sites, lowering the probability of insertional
mutagenesis and oncogenesis—an important consideration for eventual use in humans.
Furthermore, genetic manipulation techniques, such as DNA shuffling, have been applied to
the generation of chimeric, adeno-associated viral vectors with enhanced transduction
efficiencies and lowered immunogenicity, which would be suitable for gene therapy in
patients (31).

As synthetic biologists make progress toward bringing engineered systems into the clinic, a
number of unique challenges presented by in-human applications must be addressed. The
most important of these requirements is system robustness since performance consistency
and long-term stability will be demanded of any engineered system introduced into a human
patient. In addition, safety requirements will necessitate stringent thresholds for off-target
and toxicity effects. Lastly, practical challenges surrounding system implementation in
primary human cells—such as upper bounds on the size of genetic programs that can be
delivered by viral vectors or difficulties in stably expressing multiple protein components—
will present serious limitations to current design practices in synthetic biology. The vast
majority of systems that have been built to date comprise multiple synthetic proteins derived
from diverse sources, including bacteria. It is difficult, if not impossible, to deliver systems
with large genetic footprints into primary human cells by using clinically approved vectors
and to sustain stable expression of all system components. In addition, systems comprising
heterologous proteins are likely to elicit nonspecific immune responses in human hosts, thus
rendering the system toxic to the patient.

These challenges compel synthetic biologists to develop innovative systems for clinical
application. Customizable control systems that do not require heterologous protein
components have already been demonstrated (6, 22, 32). In addition, researchers are
focusing on developing expanded toolkits that allow for combinatorial control strategies
within compact genetic footprints to support the design of more sophisticated and tightly
controlled functions (33, 34). Lastly, collaborations between clinicians and synthetic
biologists must be encouraged and cultivated to address the immediate needs and challenges
of in-human application.

Synthetic biology is still a maturing field with many obstacles to overcome before it can
fully realize its clinical potential. The synthetic systems highlighted in this Perspective have
begun to address important medical challenges, such as the development of cancer-targeted
therapeutics and diagnostics. Continued innovation promises to improve the efficacy and
safety of next-generation treatment strategies. Synthetic biology is adding to the existing
biological engineering toolbox, and successful translation of these technologies into the
clinic will have a transformative impact on patient health, including cell-based therapies,
regenerative medicine, and tissue and organ replacement.
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Fig. 1.
Synthetic biology uses both natural and engineered biological components to construct
genetic circuits that generate desired functional outputs in response to specified input
signals. Synthetic biological systems have achieved various functions with translational
potential, including initiating cell apoptosis in response to endogenous proteins such as β-
catenin (6); discriminating cancer (HeLa) cells from other cell types (7); and controlling T
cell proliferation in vivo using small-molecule drugs (8). PCMV, cytomegalovirus (CMV)
promoter; PTRE, tetracycline-responsive promoter; PCAGop, CMV early enhancer element
combined with chicken β-actin promoter followed by an intron with two LacO sites; PEF1α,
elongation factor 1α promoter.
CREDIT: B. STRAUCH/SCIENCE TRANSLATIONAL MEDICINE

Chen and Smolke Page 9

Sci Transl Med. Author manuscript; available in PMC 2012 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Emerging genetic engineering technologies enable site-specific integration of synthetic
elements. ZFs and TALEs can be rationally designed to bind specific DNA sequences that
have been identified through bioinformatics as targets of interest. Several computational
algorithms have been developed to aid in the design of ZFs (23-26). TALEs follow well-
defined rules such that specific amino acid pairs (NI, NG, HD, and NN) in the TALE
sequence define the respective DNA base (A, T, C, and G) to be recognized. When coupled
to nucleases, pairs of ZFs and TALEs bind to DNA to enable nuclease domain dimerization,
site-specific cleavage of double-stranded DNA, and precise insertion of transgenic elements
into target chromosomal locations.
CREDIT: B. STRAUCH/SCIENCE TRANSLATIONAL MEDICINE
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